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 Abstract 
Many studies have demonstrated that the performance of an additional task 
results in poorer motor and cognitive performance. However, dual-task (DT) research 
has yet to fully elucidate the attentional mechanisms underpinning such performance 
deficits. The relatively recent introduction of methods in which to measure brain 
activity has allowed greater insight into how the human brain processes concurrent 
information, yet the majority of this research has been focused on the prefrontal 
cortex. As a result, the responses of the brain regions responsible for executing dual-
task performance (involving motor tasks) are less well known. The primary aim of 
this thesis was to use transcranial magnetic stimulation to characterise (primary motor 
cortex (M1) activity during dual-tasking, in order to provide context to previous 
research that has investigated dual-task performance and the associated responses of 
the prefrontal cortex. The secondary aim of this thesis was to investigate whether 
patterns in (concurrently measured) M1 activity and prefrontal cortex (PFC) activity 
could predict DT performance within both younger and older adults. It was hoped that 
these predictive relationships could provide evidence for cortical pathways mediating 
DT performance.  
In regards to the primary aim, chapter four analysed previous studies that had 
used transcranial magnetic stimulation during dual-tasking, using meta-analysis to 
demonstrate a significant reduction in M1 inhibition for dual-task compared to single-
task conditions. However, two subsequent empirical studies within this thesis 
demonstrated the opposite result in younger adults: an increase in M1 inhibition. 
Upon further review of the literature, a divergent pattern in M1 inhibition was 
recognised between DT studies, with experiments using ‘continuous’ DTs (responses 
lasting for seconds or minutes) demonstrating increased M1 inhibition in younger 
 adults, while studies employing rapid secondary responses (‘discrete’ dual-tasks) 
showing reduced M1 inhibition within younger adults. This reduction in M1 
inhibition during discrete dual-tasks could be caused by momentary distraction from 
the primary task. In addition to these findings within younger adults, this thesis 
affirmed previous research by showing a reduction in M1 inhibition in older adults. In 
regards to secondary aim of this thesis, the concurrent use of transcranial magnetic 
stimulation and functional near-infrared spectroscopy demonstrated that dual-task 
performance in older adults may be dependent on the activation of neural pathways 
from the prefrontal cortex to the primary motor cortex. Specifically, chapter nine 
demonstrated that better DT performance for older adults was correlated with higher 
cortical activity within the PFC and the M1. These trends were not present for the 
younger group. An additional finding was that performance data showed the highest 
dual-task performance error for a within-modality DT (motor/motor tasks). This 
strengthens the ‘multiprocessor’ theory of attentional processing, whereby attention is 
comprised of a series of independent processors, which interfere with each other if 
two tasks require the concurrent use of processors.  
The findings of this thesis increase our understanding into the brain 
mechanisms involved in dual-tasking, within both younger and older adults. Such an 
understanding is especially important within older populations, where accidents such 
as falling while walking have been attributed to an inability to attend to attentionally 
demanding motor behaviour. Further investigations linking DT performance and 
cortical activity within older adults, aimed at confirming the findings of this thesis, 
may result in the implementation of strategies that will help to reduce the incidence of 
such accidents in the future.  
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 Abbreviations and Nomenclature 
All abbreviations are defined here and at first use within the thesis. The abbreviation is used 
on each occasion subsequently, unless defined again at first use within a published chapter.  
 
ST: Single-task 
DT: Dual-task 
M1: Primary motor cortex 
TMS: Transcranial magnetic stimulation 
EMG: Electromyography 
MEP: Motor evoked potential 
SP: Silent period 
PFC: Prefrontal cortex 
pLPFC: Posterior lateral prefrontal cortex 
fNIRS: functional near-infrared spectroscopy 
EEG: Electroencephalography 
fMRI: Functional magnetic resonance imaging 
BOLD: Blood oxygen level dependent 
APB: Abductor pollicis brevis (muscle) 
BB: Biceps brachii (muscle) 
FDI: First dorsal interosseous (muscle) 
BA: Brodmann area 
DV: Dependent variable 
IV: Independent variable 
 Single-pulse TMS/EMG: Refers to the use of TMS in association with EMG, whereby a 
single TMS pulse is applied to the M1, and the resultant MEP amplitude and SP duration is 
measured by surface EMG placed over the target muscle.  
Corticospinal excitability: The excitability of the corticospinal pathway represented by 
MEP amplitude, measured using single pulse TMS. 
Corticospinal inhibition: The inhibition of the corticospinal pathway represented by SP 
duration, measured using single pulse TMS 
Corticospinal activity: Refers to both corticospinal excitability and corticospinal inhibition 
M1 excitability: The excitability of the M1 represented by MEP amplitude, measured using 
single pulse TMS. This term is used instead of corticospinal excitability in later chapters. The 
rationale for this is provided within chapter one. 
M1 inhibition: The inhibition of the M1 represented by SP duration, measured using single-
pulse TMS. This term is used instead of corticospinal inhibition in later chapters. The 
rationale for this is provided within chapter one.  
M1 activity: Refers to both M1 excitability and M1 inhibition. This term is used instead of 
corticospinal activity in later chapters. The rationale for this is provided within chapter one.  
Corticomotor activity: Cortical activity within BAs 4 and 6, as measured by any brain 
imaging or neurophysiological method. This term is used in chapter two.  
DT cost/DT ratio/DT%: These terms are synonymous and are used to describe the value of 
the DV during the DT condition (DVs include performance, M1 activity, pLPFC activity) 
after normalisation using the equation: DT/ST x 100. This normalisation method is described 
in chapter eight.  
Continuous DTs: Dual-tasks where both responses are ongoing, lasting seconds or minutes. 
These types of DTs are used within the present thesis.  
 Discrete DTs: Dual-tasks where one or both responses are rapid. These responses are usually 
in response to an external cue whereby performance is measured by reaction time.  
Primary task: The task used for both ST and DT conditions. Although methods vary 
between DT studies, this task is often initiated prior to the addition of a secondary task. The 
primary task within chapter eight was arm tracking.  
Secondary task: The ‘additional’ task used to increase attentional load to the primary task. 
An example of a secondary task used in chapter eight was the verbal fluency task.  
 
CHAPTER ONE: Introduction 
The Dual-Task Paradigm 
The human brain is remarkable in its ability to operate in parallel. Millions of neurons 
can fire at the same time, performing many operations simultaneously (Pashler, 1992). 
However, this may not be the case with mental operations, where actions are distinct, 
conscious, and goal-directed (Pashler, 1992). Many studies have used the dual-task (DT) 
paradigm to investigate the ability of the human brain to process concurrent mental tasks. A 
DT involves tasks whereby a participant is asked to achieve two distinct goals, or mental 
tasks. Across a variety of such tasks, DT studies have demonstrated that the human brain is 
limited in its ability to process information concurrently (Pashler, 1994). 
Two theories are commonly referred to in explaining why the brain is limited in DT 
performance. Some authors have suggested a ‘limited capacity’ of attentional resources, 
whereby deficits occur in DT performance if the attention required for two tasks exceeds 
capacity (Kahneman, 1973; Woollacott & Shumway-Cook, 2002). Other behavioural 
evidence suggests a ‘bottleneck’ theory, where delays in DT processing occur if a concurrent 
task requires the use of common neural mechanisms (Pashler, 1994). These theories were 
formulated largely upon on experimental studies demonstrating reduced performance of 
motor tasks with the presentation of dual stimuli (Allport, Antonis, & Reynolds, 1972; Craik, 
1947). The relatively recent introduction of methods in which to measure brain activity have 
allowed DT researchers to be more direct in identifying the sources of performance deficits. 
While these methods have not yet allowed consensus on the theory best explaining DT 
processing limitations, many studies have confirmed the central role of the prefrontal cortex 
(PFC) in processing concurrent tasks, with electroencephalography (EEG) studies using 
event-related potentials perhaps the earliest to do so (Isreal et al., 1980; Sirevaag et al., 1989). 
Since then, a number of methods, such as functional magnetic resonance imaging (fMRI) 
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(Erickson et al., 2005), and functional near-infrared spectroscopy (fNIRS) (Lague-Beauvais 
et al., 2015), have generally demonstrated that dual-tasking results in increased PFC activity 
(compared to a ST alone). Such brain activity is interpreted as the increased engagement of 
the mechanisms required to process attentional tasks (Al-Yahya et al., 2015; Van Impe et al., 
2011). Therefore, a body of research has demonstrated that a DT results in deficits in our 
ability to perform motor tasks, and a concomitant increase in PFC activity.  
However, fewer studies have investigated the responses of the neural networks 
executing DT performance. The characterisation of the primary motor cortex (M1) during 
DTs involving motor responses could complement, and provide context to, previous research 
that has investigated PFC responses and DT performance. For instance, Johansen-Berg and 
Matthews (2002) demonstrated reduced activity of the M1 during dual-tasking, and suggested 
that a concurrent task reduces the ability of attentional regions (i.e. the PFC) to activate M1 
networks (i.e. the M1) required for task execution. However, other studies have shown an 
increase in M1 activity during a DT (Hiraga et al., 2009; Rodriguez et al., 2004). Thus, we do 
not yet know how the increased engagement of attentional regions (i.e. the PFC) via an 
additional task influences the neural networks responsible for task execution.  
The characterisation of the neural responses during dual-tasking is especially 
important in aged populations, where physical accidents, such as falling while walking, or 
motor vehicle crashes, have been attributed to an inability of older persons to properly attend 
to attentionally demanding motor behavior (Beauchet et al., 2007; Blanco et al., 2006). 
Across the adult lifespan, there is a loss of grey and white matter within the human cortex 
(Kramer & Willis, 2003). Andrews-Hanna et al. (2007) demonstrated that disruptions in 
cortical integrity were associated with poorer cognitive performance for older adults. 
Therefore, such changes in brain structure may also underlie a reduced ability of older adults 
to perform DTs. Beauchet et al. (2007) demonstrated that older adults with poor performance 
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during concurrent counting and walking had a greater incidence of falls over a subsequent 12 
month period. Thus, a greater understanding of the brain mechanisms limiting the 
performance of attentionally demanding motor tasks could help to reduce these physical 
accidents in the future.  
Research Aims 
The primary aim of this thesis was to characterise M1 activity during dual-tasking to 
provide context to the body of DT literature that has documented changes in performance and 
PFC activity. The secondary aim of this thesis was to investigate whether changes in 
concurrently measured M1 activity and PFC activity could predict DT performance, within 
both younger and older adults. It was hoped that these predictive relationships could provide 
evidence for cortical pathways mediating DT performance.  
Transcranial Magnetic Stimulation 
 The experiments within this thesis used transcranial magnetic stimulation (TMS) to 
measure M1 activity in response to dual-tasking. As described in greater detail in literature 
reviews of chapter three and four, single TMS pulse used in association with 
electromyography (EMG) (single-pulse TMS/EMG) can measure cortical, and corticospinal, 
excitability and inhibition (Hallett, 2000). With EMG electrodes placed over a target muscle, 
the stimulation of the M1 representation of that muscle can evoke a motor evoked potential 
(MEP), the amplitude of which representing excitability, and a silent period (SP), the 
duration of which representing M1 inhibition (Hallett, 2000). A summary of the relevance of 
these outcomes in relation to the aims of this thesis is discussed below.  
Motor-evoked potential amplitude. TMS of the human motor cortex can evoke 
several different kinds of descending activity depending on the type of stimulation, the coil 
used to produce the magnetic pulse, and the direction of the induced current in the cortex (Di 
Lazzaro et al., 2004). In all studies of this thesis, a Magstim 2002 (Magstim, UK) magnetic 
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stimulator with a 70-mm figure-of-eight coil was used, producing a monophasic pulse shape. 
The coil was held tangential to the skull in the direction to induce a posterior to anterior 
current within the M1. EMG activity was measured via surface electrodes placed over the 
target muscle. The stimulus intensity was either 125% of active motor threshold (Abbruzzese 
et al., 1999), or that producing a 1 millivolt EMG response (Kujirai et al., 1993). With this 
form of stimulation the MEP has a latency approximately 1–1.4 ms longer than the MEP 
recruited by electrical anodal stimulation (using transcranial electrical stimulation) (Di 
Lazzaro et al., 1998). Thus, the MEP is thought to reflect ‘indirect waves’, produced by trans-
synaptic activation of corticospinal tract neurons originating in the M1 (Di Lazzaro et al., 
2004). The use of a figure-of-eight coil produces focal activation of the M1, so that the 
excited neurons are limited to those within the M1 representation of interest. This is shown 
by voluntary contraction, which increases the size and number of indirect wave volleys, and 
therefore results in a higher MEP amplitude (Di Lazzaro et al., 1998). However, voluntary 
contraction also increases the excitability of spinal motoneurons, therefore this increase in 
MEP amplitude is not only produced by excitability of M1 neurons, but also by subcortical 
mechanisms (Di Lazzaro et al., 2004). This is reflected in the use of the term ‘corticospinal 
activity’ in earlier chapters of this thesis. Given the aim of this thesis was to measure activity 
of the M1 in response to dual-tasking, we initially reasoned that the use of single-pulse TMS 
involved a compromise in our ability to isolate changes in excitability to the M1. 
However, after further reading in preparation for the study of chapter nine, it became 
apparent that changes in MEP amplitude (measured by single-pulse TMS) observed during 
dual-tasking were likely attributable to the M1, rather than subcortical processes. Although 
the contribution of cortical and subcortical networks to MEP amplitude cannot be quantified 
during resting conditions (unless a method is used to measure spinal cord excitability 
concomitantly, e.g. the measurement of H-reflex’s), or during simple isometric contraction of 
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the target muscle (used in many TMS studies to increase the excitability of the corticospinal 
pathway; e.g. Pearce, Clark, & Kidgell, 2012; Pearce et al., 2014), evidence suggests that 
changes in MEP amplitude (measured by single-pulse TMS/EMG) in response to 
attentionally demanding tasks, such as dual-tasking, are likely due to changes in the 
excitability of the M1. Takahashi et al. (2006) demonstrated increased MEP amplitude during 
dual-tasking, that was not present under conditions of brain-stem stimulation, while Conte et 
al. (2007) demonstrated higher MEP amplitude after upregulation of attention, which showed 
no corresponding change in spinal excitability. These authors also delivered an inhibitory 
conditioning stimulus to the premotor cortex, which resulted in a reduction in MEP amplitude. 
This finding prompted authors to conclude that attentional processes influence MEP 
amplitude (as measured by single-pulse TMS/EMG) through premotor to motor connections. 
This literature provides the basis by which MEP amplitude is referred to as ‘M1 excitability’ 
in later chapters, as opposed to ‘corticospinal activity’ within in earlier chapters. 
However, it is also acknowledged that the relative contribution of cortical and 
subcortical activity to MEP amplitude is not quantified when using single-pulse TMS/EMG. 
To the author’s knowledge, no study has yet demonstrated how well changes in MEP 
amplitude correlate to changes in M1 excitability as measured by other methods (e.g. EEG, 
fMRI) during the performance of a motor task. This makes single-pulse TMS/EMG an 
imperfect method in which to measure the excitability of the M1 during dual-tasking. This 
represents a limitation in the use of this method, as opposed to other methods such as fMRI 
or paired-pulse TMS. In contrast, the relative advantages of this method, and the rationale for 
its use, are discussed in chapter five.  
Silent-period duration. The SP refers to the TMS-induced interruption of activity in 
the EMG of the target muscle following an MEP (Ziemann, 2008). It is now generally 
accepted that while spinal mechanisms may contribute to the early part of the SP (<50 ms), 
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its later part is generated exclusively by inhibition within the M1, via the activation of type b 
gamma-aminobutyric acid receptors (Fuhr et al., 1991b; Hallett, 2000; Wolters, Ziemann, & 
Benecke, 2008). Therefore, the duration of the SP can be confidently attributed the activity of 
inhibitory neurons within the M1, rather than subcortical processes (Fuhr, Agostino, & 
Hallett, 1991a; Inghilleri et al., 1993). This point is explained in earlier chapters of this thesis, 
despite the use of the terms ‘corticospinal inhibition’ and ‘M1 inhibition’ sometimes being 
used interchangeably.  
Thesis Overview 
Chapter two is a review published in Frontiers in Psychology titled ‘Corticomotor 
responses to attentionally demanding motor performance: a mini-review.’ This review 
discussed literature that has investigated the responses of the motor regions during dual-
tasking. The focus of this review was on older adults, given the high incidence of accidents 
occurring during attentionally demanding motor activities, such as walking. We hypothesised 
that older adults may demonstrate increased deficits in DT performance because the PFC is 
less able to activate the M1 networks (i.e. the M1) executing DT performance.  
Chapter three is a book chapter published in Trancranial Magnetic Stimulation: 
Methods, Clinical Uses, and Effects on the Brain. This chapter discussed the use of TMS 
during dual-tasking in greater detail, and included pilot data that was used to test the 
feasibility of the use of TMS in later studies.   
Chapter four is a systematic review and meta-analysis published in Neuroscience and 
Biobehavioral Reviews. This review objectively pooled studies that had used TMS in 
association with EMG to measure M1 responses during a DT to demonstrate an overall effect 
for reduced M1 inhibition during dual-tasking. This study also suggested possible sources of 
bias and recommended strategies for conducting DT research. 
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Chapter five, titled Methodology, provides the rationale for the methods used in the 
subsequent research studies of the thesis. Why and how TMS was used is discussed in detail 
in light of the information gathered by reviews of the literature in chapters two, three, and 
four.  
Chapter six is a research study published in Experimental Brain Research titled ‘The 
effect of dual-task difficulty on the inhibition of the motor cortex.’ This study tested M1 
activity during dual-tasking, and whether DT difficulty could account for some of the 
between-study variability in M1 inhibition demonstrated in Chapter four. This study 
demonstrated an increase in M1 inhibition, contrary to the results of chapter four.  
Chapter seven is a research study published as a letter to the editor in Brain 
Stimulation. This study established the reliability of TMS measures evoked from the biceps 
brachii (BB) representation within the M1, which was necessary given our intention to 
measure TMS responses from the BB muscle in chapter nine.  
Chapter eight is a research study submitted to Psychology and Aging titled ‘Dual-task 
Performance is Dependent on Task Type; Support for a Multiprocessor Theory of Attention’. 
This paper analysed performance data of younger and older adults across five DT conditions. 
Poorer DT performance was demonstrated for the DT that involved ‘within-modality’ (motor 
and motor) tasks. In addition, DT performance of participants did not correlate across the 
different types of DTs. 
Chapter nine is a research study that is formatted and fully prepared for submission to 
Cortex titled ‘Dual-tasking in older adults may depend on the activation of prefrontal cortex 
to motor cortex pathways’ (see the Preamble of this chapter for explanation about upcoming 
submission). This paper reports the TMS and fNIRS results from the study described in 
chapter eight, and showed positive relationships between PFC activity, M1 activity, and DT 
performance in older adults.  
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Chapter ten provides a summary of key findings and general discussion of the thesis, 
including implications and future directions for DT research.  
Chapter eleven presents supplementary material collected from the same participants 
as in the studies of chapter eight and nine. These data demonstrate the relationships between 
DT performance and behavioural outcomes of neuropsychological tests.  
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Increased attentional demand has been shown to reduce motor performance, leading to
increases in accidents, particularly in elderly populations. While these deﬁcits have been
well documented behaviorally, their cortical correlates are lesswell known. Increased atten-
tion has been shown to affect activity in prefrontal regions of the cortex. However there
have been varying results within past research investigating corticomotor regions, mediat-
ing motor performance.This mini-review initially discusses past behavioral research, before
moving to studies investigating corticomotor areas in response to changes in attention.
Recent dual task studies have revealed a possible decline in the ability of older, but not
younger, adults to activate inhibitory processes within the motor cortex, which may be
correlated with poor motor performance, and thus accidents. A reduction in cortical inhi-
bition may be caused by neurodegeneration within prefrontal regions of the cortex with
age, rendering older adults less able to allocate attention to corticomotor regions.
Keywords: attention, dual task, inhibition, transcranial magnetic stimulation, motor cortex, mini-review
INTRODUCTION
Within studies of human movement and performance, there is
growing research into motor deﬁcits occurring due to changes
in attention. Indeed, a catalyst for this research is the high inci-
dence of accidents experienced by people during grossmotor tasks,
with approximately 32–42% of adults aged over 70 experiencing a
fall each year, and falls accounting for 40% of all injury deaths
(World Health Organization, 2008). In investigating the cause
of these motor deﬁcits, past research has focused primarily on
behavioral studies, which have demonstrated that tasks requiring
greater cognitive resources cause deﬁcits in functional motor out-
comes such as walking variability, and balance (Pellecchia, 2005;
Li et al., 2010). Consequently, investigators often employ a dual
task (DT) protocol to isolate the effect of additional attention
on motor performance. The DT paradigm involves the concur-
rent execution of two motor, cognitive, or sensory tasks, which
often results in poorer performance when compared to a single
task (ST). A systematic review and meta-analysis by Al-Yahya
et al. (2011) examined studies that had measured gait perfor-
mance with an additional cognitive task. Results demonstrated
that a DT condition caused disturbed gait when compared to
the ST condition, including impaired gait speed, stride length,
and stride time variability. Signiﬁcantly, analyses also demon-
strated a strong association between age and gait disturbances.
Perhaps as a result of cognitive interference, accidents caused by
deﬁcits in motor performance have been attributed to an inability
of older persons to properly attend to attentionally demanding
motor behavior, with additional information rendering a person
less able to devote cortical resources to a particular motor task
(Beauchet et al., 2007; Li et al., 2010). While behavioral studies of
this kind have identiﬁed attention as a causative factor in accidents,
there has been comparatively less research devoted to the under-
lying cortical responses during motor performance, and fewer
experiments comparing old and young populations within this
paradigm. This mini-review will initially present prominent theo-
ries explaining reductions in motor performance with additional
attention. Research demonstrating cortical changes with atten-
tion will then be discussed, with a focus on DT methods due
to their ability to isolate and control levels of attention within
experiments. In doing so, this mini-review refers to articles that
have used a method to investigate cortical responses to changes in
attention during motor tasks. These include neuroimaging meth-
ods, such as functional magnetic resonance imaging (fMRI), or
electrophysiological methods, such as transcranial magnetic stim-
ulation (TMS). Finally, studies that have used these methods to
assess older populations within a DT paradigm will be analyzed
and discussed.
SCOPE OF MINI-REVIEW: SELECTION CRITERIA FOR
REPORTING OF EVIDENCE
The aim of this mini-review was to present literature in rela-
tion to corticomotor responses to attentionally demanding motor
performance. Consequently, the authors performed database
searches using combinations of the terms: attention∗, “dual-task∗”
or “dual task∗”, concurrent∗, and motor cort∗. The search was
reﬁned by including peer-reviewed papers printed in English
between 1995 and 2012. While these searches were conducted
thoroughly, some articles found using these methods were not
reported, and certain articles gathered outside this search were
reported as evidence if deemed appropriate by all authors.
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This mini-review targeted studies that had used motor tasks
that would place demand on corticomotor areas (Brodmann
areas 4 and 6), with an emphasis on DT studies that had used
at least one of these motor tasks. Motor activities are broad
in nature and range from tasks that are processed highly auto-
matically, to those that require a high level of cognition. For
this reason, it is almost impossible to provide an unequivo-
cal description of what a “motor task” requires of a performer
(Wood, 1986). However, given that authors aim to report activ-
ity within motor regions in response to changes in attention, of
interest to this review were studies that used motor tasks that
required higher levels of volitional and self-initiated movement;
rather than those requiring automatic responses where move-
ment was used in response to an external cue, such as a reaction
time test (For examples, see Marois et al., 2006; Mochizuki et al.,
2007).
In each of the DT studies cited within this review, the DT con-
dition is compared to the ST condition to isolate the effect of
an additional task on cortical activity. Therefore, the ST is used
as the control condition, and the DT used as the experimental
condition.
THEORIES UNDERPINNING DEFICITS IN DUAL TASK
PERFORMANCE
In explaining the effect of an additional task on the cortex, there
are currently two theories prevailing within DT literature. The
ﬁrst is known as the “bottleneck theory,” whereby humans expe-
rience interference between concurrent tasks, leading to the loss
in performance efﬁcacy (Pashler, 2001; Tombu et al., 2011). Pash-
ler (2001) suggests that a bottleneck occurs in neural processing
because both tasks require the use of a single neural pathway
which, as a result, cannot cope with increased demand. Alterna-
tively, the “limited capacity theory” proposes that the brain can
perform two tasks concurrently, particularly simplistic or well
learned tasks, until the complexity of tasks become too difﬁcult, at
which point the brain becomes overwhelmed resulting in perfor-
mance degradation of DT (Kahneman, 1973; Lavie, 2005). Thus,
a bottleneck model theorizes that during attentionally demand-
ing motor tasks, motor areas cannot be activated optimally. And
that this is due to an additional task causing interference along
a neural pathway converging on the motor structures mediating
these tasks.
DUAL TASK MOTOR PERFORMANCE: EVIDENCE FROM
STUDIES INVESTIGATING CORTICAL ACTIVITY
Increased attention to non-motor tasks has been shown to result in
greater cortical activity within prefrontal regions (Courtney et al.,
1997; Kastner et al., 1999). As proposed by Al-Yahya et al. (2011)
motor performance also requires the use of high-order cognitive
systems, with the additional task within a DT test interfering with
the ability to control the motor task. As a result of this increased
demand, DT studies using fMRI have shown that performance of
an additional, simultaneous task results in higher activity within
prefrontal areas of the cortex (Erickson et al., 2005; Poldrack et al.,
2005). These results demonstrate that the prefrontal regions are
involved in the allocation of the increased attention required for
a DT. However, many DT studies investigating cortical activity
have not focused on the motor aspects of attention; while many
experiments have used physical movement within their DTs, these
have often involved ﬁne movement of the hands in response to
cognitive or perceptual tasks (Poldrack et al., 2005; Stelzel et al.,
2006; Sigman and Dehaene, 2008; Tombu et al., 2011). Recent
studies have attempted to address this issue by using volitional,
self-initiated motor tasks, and a method that investigates cortical
activity within motor regions. These experiments have resulted in
mixed ﬁndings, with some demonstrating increased corticomotor
activity (Hiraga et al., 2009;Van Impe et al., 2011), reduced activity
(Master and Tremblay, 2009), and unchanged activity between DT
and ST conditions (Sohn et al., 2005). These differences in results
may be due to independent variables changing between DT stud-
ies. For example, Master and Tremblay (2009) use an additional
task to divert attention away from the initial motor task, while in
Van Impe et al. (2011) participants were instructed to simultane-
ously perform each task as well as possible to minimize the effect
of DT interference. Here, the different type of DT tests between
experiments may change the level of attention being directed to
motor tasks, which may account for the changes in corticomotor
activity.
Further limiting the application of DT results to accident pre-
vention, few DT studies using motor tasks have compared older
and younger participants. Van Impe et al. (2011) used fMRI dur-
ing concurrent drawing, and mental arithmetic, to demonstrate
higher activity within the supplementary motor area (SMA) for
the young group during the DT condition (vs. ST condition), but
not for the older group. These authors concluded that DT inter-
ference was not necessarily apparent in older group, despite the
young participants being able to upregulate their SMA activity
to a greater degree in response to the DT. Indeed, both groups
were able to maintain DT performance, and the authors sug-
gested the DT condition might not have been sufﬁciently chal-
lenging to cause participants to reach capacity of their cortical
capabilities.
Two recent studies by Fujiyama et al. (2009, 2012), using TMS,
also utilized a DT experiment involving motor tasks, compar-
ing older and younger groups. Methods employed were similar
between 2009 (mean age: young = 21.9 years; old= 66.7 years)
and 2012 (mean age: young= 21.1 years; old= 69.1 years) stud-
ies, where single pulse TMS was used to measure the amplitude of
motor evoked potentials (MEPs), and time of silent period (SP)
duration from the motor “hot spot”of the forearm muscle (exten-
sor carpi radialis) during ongoing ST (hand movement alone) and
DT movement (hand and foot movement). Within TMS studies,
the amplitude of the MEP with reﬂects the response of the corti-
cospinal pathway after stimulation of the motor cortex, while the
SP duration refers to an interruption of muscle activity caused by
inhibition originating within the motor cortex (Wassermann et al.,
2008). It is currently understood that this inhibition is mediated
by of gamma-aminobutyric acid receptors (Wassermann et al.,
2008).
Dual task movement in both studies by Fujiyama et al. (2009,
2012) involved concurrent hand and foot ﬂexion and exten-
sion movements. Depending on different DT conditions included
within the experiments, the hand and foot were required to
be ﬂexed and extended in the same, or opposite direction, in
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coordination with each other. Movements were also manipulated
within experiments to include movement of the same, or oppo-
site hand and foot. Fujiyama et al. (2009) revealed that younger
adults had increased SPduration to certainDTs,while older groups
did not, prompting the authors to suggest that older adults had a
decreased ability to activate inhibitory function within the M1.
Fujiyama et al. (2012) extended on the 2009 study by dividing
and comparing DT coordination performance, and corticospinal
inhibition, between “high” and “low” performing subgroups of
older adults. Experiment one showed that conditions involving
ipsilateral movements (using the same side of the body) of the
hand and foot, and non-isodirectional movements (hand and foot
movements in the opposite direction), were performed with less
coordination (measured by the position of the hand and foot in
relation to each other) than other conditions, with older adults
having less coordination than younger adults during ipsilateral
movements again. Within the purported most difﬁcult condition
of combined ipsilateral and non-isodirectional movements, TMS
data showed that from the baseline ST condition, older adults’
SP duration decreased by 12.6% (p= 0.006), compared to an
increase of 9% in SP duration (p= 0.11) for the younger group.
The analysis of “high” and “low” performing older adults and SP
duration was then conducted within this movement condition,
revealing shorter SPs for the lower performing older subgroup
than the higher performing older subgroup (p< 0.001). These
results demonstrate a signiﬁcant relationship between poorer DT
motor performance in older adults and a reduction in inhibitory
control within the M1. Control of motor performance is depen-
dent on the activation of not only excitatory, but also inhibitory
neurons within the motor cortex (Beck et al., 2008; Beck and
Hallett, 2011), so interference caused by a concurrent task may
result in underactivation of inhibitory neurons within the M1,
evidenced within these TMS experiments by a reduction in SP
duration.
Across the adult lifespan, not only do neurons within gray
matter of the cortex shrink in size, but there is a loss of the
myelin sheath insulating axons, resulting in a reduction in the
propagation of impulses along the axon of the cell (Kramer and
Willis, 2003). Importantly, this neurodegeneration does not affect
the brain cortices uniformly; decreases in cortical volume associ-
ated with age are more prevalent in the prefrontal regions than
other brain areas (Head et al., 2002). As already discussed, perfor-
mance of a motor DT is dependent on prefrontal regions, and
neurodegeneration of these regions with age suggests that the
results from the TMS studies by Fujiyama et al. (2009, 2012)
could be due to a reduced ability of the prefrontal regions
of older adults to activate corticomotor inhibitory structures
during a DT.
While there arenodirect neural connections betweenprefrontal
areas and the M1, it has been shown that in primates, prefrontal
regions form dense connections to both ventral premotor (Dum
and Strick, 2005) and dorsal premotor regions (Takahara et al.,
2012). Therefore, to mediate attentional control of motor per-
formance, it has been suggested that the premotor regions are
anatomically suited to act as an intermediary between these two
cortical regions (Picard and Strick, 2001). Supporting this view,
Byblow et al. (2007) used two 50 mm ﬁgure-of-eight TMS coils
to deliver a conditioning pulse to different areas of the premo-
tor cortex, and a test pulse to the M1 over the “hot spot” of
muscles of the forearm (extensor carpi radialis and ﬂexor carpi
radialis). Due to distinct modulation in activity within the M1
after dorsal premotor cortex conditioning, it was concluded that
the connectivity between the dorsal premotor area and the M1
facilitates concurrentmovement of the hand and foot.Marois et al.
(2006), using concurrent tasks of speeded response selection and
perceptual visibility, presented fMRI evidence suggesting that the
dorsal premotor cortex is an important neural locus of these cor-
tical limitations under DT conditions. Authors concluded that the
ﬂow of information from prefrontal regions during DT processing
hits a “bottleneck” causing signiﬁcant deﬁcits in performance for
these tasks. Thus, a reduction in the integrity of prefrontal struc-
tures with age could impair the activation of motor areas along
this cortical pathway.
In addition to using TMS over the contralateral M1 in response
to DT activity in experiment one, Fujiyama et al. (2012) conducted
a second experiment where TMS was applied to the ipsilateral
(right) M1 not responsible for the DT movement. ST and DT
movements were the same as described in experiment one within
Fujiyama et al. (2012), except that in addition, the left hand was
tonically contracted, during right hand ﬂexion/extension move-
ment as part of the DT. This investigation was included to assess
the contribution of interhemispheric inhibition (IHI) to changes
in SP duration. Concurrent movements involving the right and
left side of the body rely upon a balance of inhibition and facil-
itation between the left and right motor cortices via the corpus
callosum (Fling et al., 2011). Importantly, the ﬁber tracts between
left and right motor cortices are predominantly inhibitory rather
than excitatory, with this inhibition between hemispheres thought
to alleviate “motor overﬂow,” allowing right and left sides of the
body to move independently of each other (Fling et al., 2011).
Results demonstrated a signiﬁcant shortening of the SP during
right handmovement (and left hand tonic contraction), compared
to the baseline condition in which only the left hand was tonically
contracted. This indicates that IHI was active during the base-
line condition to suppress unwanted right hand movement, but
then “disinhibited” when the right hand movement was also nec-
essary. Importantly, this shortening of the SP to the ipsilateral M1
was present in both older [7% reduction (p= 0.04)] and younger
[3% reduction (p= 0.03)] groups, and no differences were seen in
inhibition to the ipsilateral M1 in any other DT conditions within
experiment two. This suggests that mechanisms of IHI during
DT performance were not degraded within the older participants
within this study.
Few other studies have used a DT involving motor tasks to
measure inhibition of the M1. In those that have, a reduction in
inhibition has also been demonstrated. Sohn et al. (2005) showed
a clear decrease DT vs. ST,while Poston et al. (2012) demonstrated
a decrease in inhibition for the DT vs. ST during movement ini-
tiation, but no change in during tonic contraction. The reduced
SP in Sohn et al. (2005) was termed “disinhibition,” and it was
proposed that this was advantageous in facilitating motor out-
put to both muscles concurrently. Fujiyama et al. (2012) did not
favor disinhibition as an explanation however, as performance was
reduced with the DT movements,whereas in Sohn et al. (2005) DT
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performance was maintained. In Poston et al. (2012), MEP ampli-
tude and SP duration both decreased during initiation of the DT
movement. These results support the suggestion of a reduction
in the ability to activate both excitatory and inhibitory networks
within the motor cortex during attentionally demanding motor
performance. However, this study did not include a comparison
of older and younger adults, or of motor performance between
conditions.
Motor performance, and corticomotor activity, may be depen-
dent on a range of factors, such as task and movement type.
For instance, it has been noted that older adults can outperform
younger adults in interference tasks if their strategies are more
appropriate to the task being tested (Worthy and Maddox, 2012).
However,once the complexity of a task increases,older adults show
increased strategy execution errors, particularly in an environ-
ment requiring extensive integration and weighing of information
(Mata et al., 2012). This is in agreeance with the TMS results
of Fujiyama et al. (2012), where older adults performance wors-
ened on the most difﬁcult DT condition. Therefore, age related
declines in motor performance seem heavily dependent on task
complexity, which is in accordance with the scope of this review,
where DT articles were targeted that had used motor tasks that
required responses that were voluntary and self initiated.
CONCLUSION
This mini-review has demonstrated that while motor behavioral
deﬁcits occur in response to attentionally demanding motor per-
formance, the cortical correlates of such a deﬁcit have not been
established. However, using a DT paradigm, recent TMS studies
indicate that there may be a reduction in the ability of older adults
to activate inhibitory networks within the M1, which are required
for motor performance. A reduction in activation of corticomotor
structures in older compared with younger adults is considered to
be caused by the decline in the integrity of prefrontal regions with
age (Head et al., 2002), which are rendered less able to allocate
attention to both tasks simultaneously. Taking into account pre-
vious DT research investigating cortical activity, where responses
have varied between studies, further research should be under-
taken comparing cortical responses of older and younger adults
during attentionally demanding motor performance.
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CHAPTER THREE: The role of TMS in measuring corticospinal activity in response to 
attention and dual tasking 
Preamble 
The following chapter was published as a book chapter and is reprinted with 
permission from Nova Science Publishers Inc., New York from Trancranial Magnetic 
Stimulation: Methods, Clinical Uses, and Effects on the Brain, The role of TMS in measuring 
corticospinal activity in response to attention and dual tasking, Chapter V, pages 71-85, 
copyright 2013, Corp D.T. and Pearce A.J. 
This chapter discusses TMS methods in greater detail, providing the backdrop for the 
rationale for the use of TMS in subsequent experiments of this thesis (this rationale is 
outlined in chapter five). Here, a small pilot study is discussed that was initially used to test 
the feasibility of the use of TMS during dual-tasking. It can be seen that the method used to 
collect these data is similar to that used in the study of chapter six. While this pilot study was 
useful for study preparation, none of these data were used in the main study of chapter six 
because we suspected that they might have been influenced by bias. This pilot data was 
collected very early within the course of this PhD, and greater exposure to TMS methods 
identified some mistakes that may have contributed to this bias. From this experience, we 
outlined and then measured three sources of possible bias in the meta-analysis of chapter four. 
Bias in DT experiments is further discussed in chapter five. 
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ABSTRACT 
 
Performing two tasks at once results in performance decrements when compared to 
only one task. Known as dual task (DT) performance, dual tasking is dependent on 
cortical structures involved in attentional control, such as the dorsolateral prefrontal 
cortex, and other cortical areas involved in task performance. DTs involving motor 
responses are therefore dependent on cortical areas involved in attention, and the motor 
cortex. Current evidence, theories and hypotheses are mainly formed by behavioral and 
clinical observation data, research using other neuroimaging methods, such as functional 
magnetic resonance imaging; and in studies where attention has been manipulated in 
ways other than using a DT. However, a growing body of experimental evidence has used 
transcranial magnetic stimulation (TMS) to quantify the corticomotor pathways involved 
during DT performance. This chapter discusses dual tasking studies examining changes 
in excitability and inhibitory mechanisms in the human motor cortex using various TMS 
stimulation techniques. TMS studies to date indicate that the performance of an 
additional task increases MEP excitability, suggesting a relationship between attention 
and corticomotor activity. However, because an additional task can be used to manipulate 
attention in different ways, corticomotor outcomes to DT tests have varied. The studies 
presented in this chapter will report the data to date, but also discuss these findings in 
context of the partiality in TMS research designs. Further, suggestions for future research 
will be discussed as TMS studies employing a DT paradigm would greatly further our 
understanding of corticomotor responses during everyday DT movements. 
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INTRODUCTION 
 
The dual-task (DT) paradigm demonstrates reduction in performance when an individual 
undertakes two cognitive, sensory, or motor tasks, or combinations between them, when 
compared the performance of these tasks individually, known as single tasking (Kahneman, 
1973; Navon and Gopher, 1979). Theories explaining the reduction in DT performance are 
shaped largely by behavioral studies, which have consistently shown poorer performance 
during DTs when compared to single tasks, or STs (Feyereisen, 1997; Pashler, 1992; Watter 
and Logan, 2006). Thus, the majority of research has been conducted within the domain of 
cognitive psychology, showing that dual tasking, or even multitasking, affects the ability of 
an individual to perform daily DT activities, such as using a cellphone while driving a motor 
vehicle (Demura and Uchiyama, 2009; Kemker, Stierwalt, LaPointe, and Heald, 2009). 
Studies of this nature have not used a neuroimaging method to investigate the underlying 
neurophysiological mechanisms underpinning DT performance, but suggest that reduced DT 
performance is due to structural limitations within the cortex, causing a person to be unable to 
attend to two concurrent events (Pellecchia, 2003). Thus, poorer performance of DTs 
involving motor tasks (e.g. walking whilst holding an isometric finger contraction), in 
comparison to STs alone, may be dependent on the reduced ability of the executive areas of 
the cortex to allocate attention to the motor cortex. As a result, DT research is often 
conducted to examine this relationship, with the additional task being used to manipulate 
attention to the initial task. For examples of DT motor behaviour studies see (Pellecchia, 
2003; Rankin, Woollacott, Shumway-Cook, and Brown, 2000; Teasdale, Bard, LaRue, and 
Fleury, 1993; Vuillerme and Nougier, 2004). 
Due to performance of a DT being reliant on the ability to allocate cortical resources, 
DTs are also used as to measure neurodegeneration in elderly populations (Li et al., 2010), 
people with Parkinson’s disease (PD) (Brown, Soliveri, and Jahanshahi, 1998), or those who 
have sustained an acquired brain injury (Leclercq et al., 2000). Aged persons and PD patients 
experience gait disturbances during a DT, leading to falls in approximately 30% of older 
adults each year (Gill, Taylor, and Pengelly, 2005). However, these studies investigating gait 
have only measured clinical outcomes such as the time take to perform two tasks. Questions 
remain on the mechanisms as to how the brain loses its capacity to DT effectively in both 
healthy and clinical populations.  
Transcranial magnetic stimulation (TMS) is a well-established technique that allows for 
investigation into mechanisms regarding the excitatory, via motor evoked potentials (MEPs), 
or inhibitory (silent period duration, or short-interval cortical inhibition) changes during 
motor task performance. Indeed, TMS has already been used to investigate corticospinal 
responses during single tasks (STs) requiring attention and precision (Pearce and Kidgell, 
2009; Pearce and Kidgell, 2010). To date, less study has been devoted to investigating 
corticospinal responses during DTs using TMS, with more research using other neuroimaging 
techniques such as functional magnetic resonance imaging (fMRI) and positron emission 
tomography. However, a growing number of studies have found the value of using TMS 
during DT performance, due to the fact that TMS has the ability to show excitation and 
inhibition of the corticospinal pathway, thereby demonstrating the direct influence of these 
changes on motor performance (Fujiyama, Garry, Levin, Swinnen, and Summers, 2009; 
Sohn, Kang, and Hallett, 2005) 
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The aim of this chapter is to discuss studies where TMS has been used to provide 
quantifiable changes in corticospinal excitability and inhibition during DT performance. The 
chapter will initially describe the theoretical models explaining how DT performance is 
reduced, then discuss specific research pertaining to ST and DT performance using TMS, 
including research data from our lab on the effect of attention on STs and DTs. 
Methodological considerations with DT research using TMS will be explored, with 
suggestions of how these study designs using TMS can be advanced in the future, particularly 
in measuring physiological mechanisms to explain findings from clinical studies. 
 
 
Theoretical Models to Explain Dual Task Performance 
 
Prior to discussing how TMS has measured DT performance, it is important to provide 
the current theories explaining why the performance of a DT is reduced when compared to a 
ST alone. Cognitive psychologists often refer to of two theories. The first is known as “the 
bottleneck theory”, whereby humans experience interference between concurrent tasks, 
leading to the loss in performance efficacy, because both require the use of a single neural 
pathway that cannot cope with increased demand (Pashler, 2001; Tombu et al., 2011). 
Alternatively, “limited capacity theory”, proposes that the brain can perform two tasks 
concurrently, particularly simplistic or well learned tasks, until the complexity of tasks 
become too difficult, at which point the brain becomes overwhelmed resulting in performance 
degradation of DT (Kahneman, 1973; Lavie, 2005; Woollacott and Shumway-Cook, 2002). 
What has been shown by fMRI DT studies is that the frontal brain regions required for the 
allocation of attention show higher activity with a DT, due to the higher attentional demands 
of an additional task; Szameitat, Schubert, Müller, and Von Cramon (2002) used fMRI to 
isolate the neural correlates of DT interference between vocal and manual responses. This 
study showed increased activation in Brodmann’s areas 46 and 9 (dorsolateral prefrontal 
cortex), and area 6 (pre-motor cortex) with DT performance compared to tasks performed 
individually (as STs). More recent fMRI evidence have similarly demonstrated that that 
regions within the pre-motor cortex and the inferior frontal cortex showed elevated activity 
for the DT compared to separately performed STs across conditions (Tombu et al., 2011). 
Whether increased DT activity in frontal regions corresponds to a bottleneck, or capacity 
limits, requires further investigation, particularly in understanding temporal mechanisms to 
explain the inability of the central nervous system to process additional information when 
undertaking DTs involving motor performance.  
 
 
Using TMS to Quantify Corticospinal Responses 
Requiring Attention and Precision 
 
Further to the limited capacity theory, it is well described that humans can DT to some 
extent; it is only when one or both motor tasks increase in difficulty, requiring increased 
allocation of attention, that performance is compromised. In understanding the role of 
attention on motor performance, it is worthwhile that discussions initially focus on how TMS 
has demonstrated changes in both excitation, via increased MEP amplitude; and inhibition, 
via reduced silent period duration. In two recent studies from our lab, Pearce and Kidgell 
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(2009, 2010) used TMS to investigate how the motor cortex responded during similar STs but 
with varying levels of precision, requiring the participant to increase attention and focus. 
Using a randomized crossover design, with one week separating the two testing sessions, 
Pearce and Kidgell (2009) instructed participants to hold an isometric contraction of first 
finger abduction against a force transducer of 10% of maximal voluntary contraction (MVC). 
Visual feedback was provided via a computer monitor showing the participant’s response 
cursor that needed to be kept between the two markers displayed on the monitor. Participants 
were not informed of the order of tasks; during the “real” condition, the force exerted by the 
participant was exact, whilst during the “exaggerated” condition the force was amplified, 
making the task more difficult, and thus, requiring greater levels of attention to maintain 
control. Forty TMS pulses were delivered in eight sets of five stimuli, 10 s apart and 30 s rest 
between each set, during performance of these tasks. 
Table 1 shows the MEP and silent period (SP) duration results between the “real” and 
“exaggerated” conditions using single pulse TMS technique. MEP amplitude was observed to 
be 11.8% larger during the performance of the “exaggerated” task compared to the “real” 
task, illustrating the effect of increased attention and precision on corticospinal excitability. 
The follow up study in our lab (Pearce and Kidgell, 2010) continued to investigate the 
effect of attention by using a similar randomized crossover design of comparing similar 
movements of varying difficulty. Here, participants were required to complete a dynamic 
movement, visuo-motor tracking task by controlling a dial with their first finger and thumb 
(Figure 1) and match the movement to a cursor displayed on the computer monitor. 
 
Table 1. MEP amplitude and SP duration between similar motor tasks performed 
with and without attention from Pearce and Kidgell (2009) 
 
MEP Amplitude (mV) SP Duration (ms) 
“Real” force 
condition 
“Exaggerated” force 
condition 
“Real” force 
condition 
“Exaggerated” force 
condition 
4.39 ± 2.6 4.91 ± 2.7* 107 ± 18.6 105.7 ± 21.2 
* p<0.05. 
 
 
Figure 1. The set up for the study by Pearce and Kidgell (2010) using the dial to control a moving 
cursor by moving the finger and thumb left and right (image courtesy of Author’s own collection). 
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(a) 
 
 
(b) 
Figure 2. Example of raw data from one participant of 40 overlaid stimuli, with similar sEMG 
activation levels, showing increased MEP amplitude (6.9 to 5.7 mV) and reduced SP duration (115 vs 
151 ms) between the slow (a) and fast (b) visuomotor tracking task. Image from Pearce and Kidgell 
(2011). 
In random order, and separated by one week between lab visits, participants completed a 
“slow” movement task, where the movement of the dial was rotated left and then right (one 
cycle) in 10 s; whilst in the “rapid” task two cycles of the same movement, with the 
requirement of matching to the computer cursor on the screen, was completed in 10 s. The 
data showed that both MEP amplitude was increased, and SP duration was decreased during 
the “slow” movement task, which was verbally reported by all participants to be more 
attentionally demanding (see Figure 2 for an illustration of the change in MEP amplitude and 
SP duration). For further reading regarding these studies, please see Pearce and Kidgell 
(2009, 2010, and 2011). 
 
 
Dual Task Research Using TMS 
 
The increasing number of DT studies using TMS demonstrates that TMS is a valid and 
useful technique in quantifying corticospinal responses during two (or more) concurrent 
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motor tasks. TMS can provide specific data on the strength of projections between the motor 
cortex and targeted muscles performing DTs. Moreover, TMS can quantify both excitation 
and inhibition of the corticospinal pathway. 
Sohn et al. (2005) was the first study to use TMS within the DT paradigm. These 
investigators used TMS to compare the corticospinal response during isometric contraction of 
the adductor digiti minimi (ADM) muscle only, being the ST, and during concurrent 
dorsiflexion of the ipsilateral foot. Foot movement was initiated in response to a visual signal, 
but participants were asked not to respond immediately, thus the timing of the dorsiflexion 
was volitional. Sohn et al. (2005) showed no change in MEP amplitude between the DT and 
ST (5.12±0.49 mV and 5.03±0.41 mV respectively), but observed a reduction in SP duration 
of nearly 15 ms when participants completed the DT (180.9±9.7 ms) compared to the ST 
condition (194.8±10.2 ms). More recent studies have also shown corticospinal changes after 
the addition of a concurrent task (i.e. a DT). For example, Hiraga et al (2009) compared TMS 
parameters during bimanual supination/pronation movements of the forearms as the ST 
condition, compared to the DT condition of forearm movement plus dorsiflexion of the foot 
in immediate response to a light. These authors observed increased MEP amplitudes during 
dual tasking compared to the single task (0.95 mV and 0.39 mV respectively). Interestingly, 
they did not measure SP duration. Uehara et al (2011), measured MEPs of several muscles in 
the hand and forearm, used in performing a finger prehension task, whilst participants walked 
on a treadmill at different speeds. In two separate studies, Uehara et al (2011) observed that at 
5% of maximal voluntary contraction force of the prehension movement, MEPs were 
decreased when participants walked at 50% of their maximal walking speed, compared to 
30% and 80% of walking speed. The authors theorized that the 50% condition was the most 
automatic walking speed, thus requiring less attention than the other walking speeds. 
Similarly MEPs were reduced when participants were able to synchronize their prehension 
movement with walking (at 2 Hz) compared to the desynchronized 0.7 Hz. Again, it was 
suggested that synchronized movement of the both tasks required less attention than the 
desynchronized movements. Although this data suggests that the motor cortex excitability 
alters during DT requiring greater challenge, no comparison to ST prehension movement was 
made, nor was SP reported. Fujiyama et al. (2012) reported mixed results in a comparison of 
younger and older adults during concurrent hand and foot flexion and extension movements. 
A number of movement patterns were employed in order to include ipsilateral and 
contralateral hand and foot movement, and in-phase (e.g. flexion of hand and flexion of foot), 
and anti-phase movements (e.g. flexion of hand and extension of foot). When compared to the 
ST movement of hand movement only, MEPs were unchanged in 17 of 18 movements, while 
SP duration was decreased on three occasions, and increased in one. Interestingly, for the 
purportedly most difficult condition, there was a significant decrease in SP for the older 
group, but not for the younger group, and a correlation between SP reduction and poorer 
performing older adults. 
Poston, Kukke, Paine, Francis, and Hallett (2012) compared MEP amplitude and SP 
duration during a ST, and two DT conditions. In this study, participants flexed their index 
finger in response to an acoustic tone, and increased force levels to a target line indicating 
their 5% MVC, which was displayed on a monitor. The concurrent task of little finger 
contraction at 5% MVC for the duration of the 5 s, was also displayed on a monitor. Both 
index and little finger contraction concurrently was used as the DT condition, and compared 
to isometric little finger contraction only, as the ST condition. In the first condition the TMS 
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pulse was applied during initiation of the additional movement, while in the second condition 
the pulse was applied once the additional movement was being held tonically. In this way, 
this study was able to show temporally precise fluctuations in corticospinal activity over the 
course of the DT. Compared to the ST condition, there was a significant reduction in MEP 
and SP duration during the phasic condition, but no change in either during the tonic 
condition. It could be suggested that these results were caused by distraction at the initiation 
stage of movement. In this case, reductions in motor cortex excitability and inhibition could 
be an indication of reduced activity in areas of the brain involved in the allocation of 
attention. 
 
(a) (b) (c) 
Figure 3. Example of experimental set up (a) and monitor screen captures of the force (b, c). The 
participant sits in a reclined cycle ergometer and is instructed to pedal at 10 revolutions per minute, 
whilst holding a percentage of maximum force. Feedback for cycling cadence and force held, blue zone 
in (b) and (c), is provided by a computer monitor in front of the participant. The guidelines are varied 
making the force task easy (b), or difficult (c), for the participant whilst single pulse TMS is 
administered. Image from author’s own collection. 
 
Figure 4. MEP amplitude of each single task (ST) and dual task (DT) condition. MEP amplitudes 
observed during the DT difficult task were 17-27% larger than other conditions, demonstrating the 
effect of attention during difficult DTs. 
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Although it may be suggested that the disparity in research methodologies, muscles 
measured and motor tasks contribute to the variety of findings, collectively it appears that the 
DT paradigm shows that the SP is reduced. Sohn et al. (2005) suggested that the reduction in 
inhibition may have been a compensatory mechanism to allow for the maintenance of motor 
output to the muscle after the introduction of an additional task, which may have otherwise 
caused reduced output due to DT interference (i.e. distraction). In contrast, Fujiyama, Hinder, 
Schmidt, Garry, and Summers (2012) proposed that the reduction in SP duration observed in 
their most difficult DT condition due to a loss of inhibitory control required for motor 
performance. In this case, the correlation between poorer performance and reduced SP 
duration may indicate that some older adults had lost the ability to control attentionally 
demanding DT movements via inhibitory networks within the motor cortex. Therefore, the 
authors of these papers have suggested that in certain cases, a reduction in inhibition may be 
advantageous in the performance of a DT, while in others is may be an indicator of poor DT 
performance. 
Further to the aforementioned DT investigations, we have recently completed a 
preliminary study to investigate the effect of attention on corticospinal excitability and 
inhibition during ST and DTs (Corp and Pearce, unpublished). We aimed to elaborate on 
previous work using continuous gross movement of the lower limbs in order to translate the 
findings to clinical and applied environments (see Section 5.1). Here we used single pulse 
TMS to investigate the corticospinal activity from the abductor pollicis brevis (APB) muscle 
during a visuomotor matching task (similar to that described by Pearce and Kidgell, 2009) 
whilst performing concurrent cycling on a recumbent bicycle (Figure 3). Using a 
counterbalanced, cross over design, 5 healthy males (32±10.6 years) held a pincer grip force 
at a target force of 15% of their maximum voluntary contraction (MVC), displayed on a 
computer monitor. While target force was the same in all conditions, guidelines were placed 
either side of this force, with the requirement that force had to be held within these guidelines. 
Participants completed in randomized order 4 conditions: ST easy (pincer grip of 15% of 
maximal voluntary contraction [MVC]±5%); ST difficult (15% MVC±1%); DT easy (pincer 
grip 15% MVC±5% during cycling at 10 revolutions per minute [rpm]); and DT difficult 
(pincer grip 15% MVC±1% during cycling at 10 rpm). TMS was delivered at 20% above 
active motor threshold. Twelve pulses were delivered, in sets of 3, spaced at random intervals 
of 5-8 s apart, with 1 min rest between each set and 2 mins between each condition. 
Based on previous DT literature, it was hypothesized that MEP amplitude would be 
increased, and silent period duration would be reduced during DT conditions, and these 
results would be amplified in conditions where increased precision and attention was required 
to hold force within the smaller guidelines. Comparisons of grouped DT to ST conditions 
showed a 12.2% increase in MEP amplitude. The DT difficult condition showed a 27.2% 
increase in MEP amplitude compared to the ST easy (Cohen’s d 0.6) and 17.5% increase 
compared to the ST difficult (d 0.4) conditions (Figure 4). In addition, the DT difficult 
condition demonstrated a 6% decrease in silent period duration in comparison to the ST easy 
and ST difficult conditions (d 0.4, Figure 5). This preliminary data concurs with previous DT 
studies showing an increase in MEP amplitude (Hiraga, Garry, Carson, and Summers, 2009; 
Uehara, Higashi, Tanabe, and Sugawara, 2011) and a decrease in silent period duration 
(Poston et al., 2012; Sohn et al., 2005) during the performance of an additional motor task. 
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Figure 5. Silent period duration of each single task (ST) and dual task (DT) condition. Although small 
effects were observed there was a mean 6% reduction in SP duration during the DT difficult condition 
compared to the ST conditions. 
With studies pointing to the role of reduced inhibition during DT performance, indicating 
an overall net increase in corticospinal excitability, questions in DT research are now being 
asked regarding the projection of adjacent muscles not directly involved with the DT 
performance. Termed ‘surround inhibition’ TMS studies have shown suppression in an 
adjacent, but non-involved, muscle in response to movement of another muscle (Beck and
Hallett, 2011; Sohn and Hallett, 2004). In the only DT study to date to investigate surround 
inhibition, Poston et al. (2012), had participants hold a tonic contraction of little finger 
muscle, adductor digiti minimi (ADM) (ST condition) and then concurrently flex their index 
finger in response to an acoustic tone (DT condition). The authors hypothesised that MEP 
taken from the cortical hot spot of the ADM would be reduced in order to facilitate the 
preferred index finger movement, demonstrating surround inhibition. In this case, there was a 
reduction in the MEP of the ADM muscle after initiation of the DT condition, agreeing with 
the hypothesis of reduced corticospinal activity allocated to the ADM muscle, in order to 
facilitate index finger movement. Because this has been the only study to date to investigate 
surround inhibition using a DT protocol, further DT studies are required to investigate 
corticospinal changes in surrounding muscles in response to DT movement.  
Future Dual Task Research Directions Using TMS 
The Potential of TMS in Applied and Clinical Studies 
It is well documented that certain populations, in particular the elderly and those with 
certain neurodegenerative conditions such as Parkinson’s disease, have difficulty performing 
two tasks concurrently, and experience impairments in gait during a DT (Hausdorff, Rios, and
Edelberg, 2001; O'Shea, Morris, and Iansek, 2002). Falling while walking is a major problem 
for the elderly, with a reported 30% of older adults experiencing a fall each year (Gill et al., 
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2005), and fall-related injuries accounting for 10-15% of emergency department presentations 
of those aged 65 years and older (Davis et al., 2010). 
A number of studies have used neuroimaging to investigate changes in corticomotor 
activity with age in response to a DT (Johnson and Shinohara, 2012; Van Impe, Coxon, 
Goble, Wenderoth, and Swinnen, 2011). EEG (Johnson and Shinohara, 2012), and fMRI 
(Van Impe et al., 2011) research comparing DT performance in older and younger groups has 
demonstrated significant changes in corticomotor activity with age, but the applicability of 
these findings into falls prevention is limited. These studies employed only fine movement of 
the hands or fingers, and were not able to show the contributions of excitation or inhibition to 
the observed changes in corticomotor activity with a DT. 
TMS studies have previously shown reduced intracortical inhibition in the elderly 
(McGinley, Hoffman, Russ, Thomas, and Clark, 2010), and also within PD patients by the 
use of single pulse (Pierantozzi et al., 2002), and paired pulse TMS (Bareš, Kaňovský, 
Klajblová, and Rektor, 2003). However, Fujiyama et al. (2009), and Fujiyama et al. (2012) 
are the only studies to date to use a DT paradigm comparing older (mean age 66.7 and 67.8 
years respectively) and younger groups (mean age 21.9 and 21. 7 years respectively). These 
authors concluded that older adults’ poorer DT performance in the attentionally demanding 
DT condition was due to a reduced ability to activate inhibitory networks required for control 
of motor performance. Given that the prefrontal regions are involved in activities requiring 
attention (Corbetta and Shulman, 2002), past studies in older populations, demonstrating 
accelerated decline in structure and function of the prefrontal cortex in comparison to other 
cortical regions, strengthens this conclusion (Head, Raz, Gunning-Dixon, Williamson, and 
Acker, 2002; Kramer and Willis, 2003). 
The use of TMS in these settings to expand our knowledge of neurophysiological 
mechanisms underpinning the limitations in DT performance has the potential for application 
to practical and clinical environments.  
 
Corticospinal Changes Accompanying DT Training 
The majority of research has been undertaken into the acute corticospinal responses 
during motor learning of simple and complex STs. However, few studies have used a DT 
protocol to investigate the effect of training on the motor cortex. Indeed, no study has used 
TMS to demonstrate corticospinal changes occurring as a result of DT training. Based on 
performance studies showing that DT training increases DT performance more than 
practicing both STs separately, future research using TMS would be of interest to quantify the 
corticospinal changes underlying performance improvement.  
Studies by (Pellecchia, 2005) and Li et al. (2010) have used gross motor tasks within 
their DT tests to demonstrate that DT training reduced postural sway more than the separate 
practice of both STs. These behavioural experiments have demonstrated that for DT skill 
learning it may be of benefit to train the skill in its entirety (i.e. both tasks at the same time). 
This would agree with the well known Naylor and Briggs hypothesis (1963) on whole and 
part skill learning. This hypothesis states that for certain skills it is preferable to practice a 
DT, rather than both STs separately, to properly learn the spatial and temporal dynamics of 
the DT as a whole. For further description of this hypothesis, the reader is directed to Naylor 
and Briggs (1963). While there is evidence of the benefits of DT training in improving 
postural stability, these standing balance studies did not employ a neuroimaging technique, 
meaning that the mechanisms underpinning DT performance benefits are not yet understood. 
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There have been studies to examine cortical changes with DT training by Erickson et al. 
(2007) and Poldrack et al. (2005), who used fMRI to demonstrate a greater reduction in 
cortical activity with DT training compared to ST training. However, these studies did not 
focus on the motor regions, and used only fine movement of the fingers as a means to 
responding to a cue. Different aims of these investigations may reflect limitations in 
researchers’ ability to extrapolate these findings to DT motor learning. Based on this fMRI 
data, it is still unknown how DT training and concomitant reduction in cortical activity could 
influence motor output.  
There are at least two ways in which TMS could provide this information: 1) the use of 
TMS in accordance with EMG could control for changes in output to the muscle pre and post 
training; training may influence contraction forces within motor tasks, which would cause 
unwanted changes in corticospinal activity during testing; and 2) by delineating inhibitory and 
excitatory contributions to intracortical activity; a reduction in cortical activity seen within 
fMRI could reflect either reduction in intracortical excitation, or inhibition (or both), which 
would affect motor output in different ways. TMS has previously demonstrated increased 
MEP amplitude with motor task training (Pascual-Leone et al., 1995), and reductions in silent 
period after motor task training (Kidgell and Pearce, 2010; Latella, Kidgell, and Pearce, 
2011). Therefore, changes in the balance of inhibition and excitation within the motor cortex 
in response to DT motor training would be of great interest, and especially for those older 
adults and people with PD, who exhibit altered in corticospinal inhibition and facilitation 
(Bareš et al., 2003; McGinley et al., 2010), impaired gait with an additional task, and a high 
incidence a accidents during physical activity (Beauchet et al., 2007; Lundin-Olsson, 1997). 
In quantifying the underlying mechanisms of improved motor performance with DT training, 
TMS research can not only reduce the amount of accidents caused by an inability to DT 
successfully, but also expand on cortical responses to learning demonstrated by the use of 
other neuroimaging methods. In addition, a training protocol using TMS within a DT 
paradigm would be of great interest to cognitive psychologists proposing theories of the 
neural correlates of DT interference, discussed earlier in the chapter. While cortical activity in 
response to training is an area that requires greater investigation, it seems that theories 
advocating immutable cortical limitations to DT performance do not fully agree with previous 
research on cortical plasticity in response to training. Given that learning results in increased 
neural efficiency, and the long term potentiation of neurons within the brain (Kandel and 
Schwartz, 1982), further research into responses to DT training may be able to expand upon 
predominant DT theories. 
 
 
CONCLUSION 
 
This chapter has discussed where TMS has been used to investigate corticospinal activity 
in response to changes in attention, particularly within a DT paradigm. Currently, TMS 
research into the mechanisms of DT is limited; however the growing body of TMS research 
to date has revealed a trend of increased excitation, and reduced inhibition in response to 
increased attention during motor tasks, trends corroborated by published (Pearce and Kidgell, 
2009; Pearce and Kidgell, 2010), and unpublished data gathered within our lab (Corp and 
Pearce, unpublished). Reduced inhibition in response to DTs has been proposed to facilitate 
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movement of other concurrent movements (Poston et al., 2012; Sohn et al., 2005), and also as 
an indication of loss of motor control in older populations (Fujiyama et al., 2009; Fujiyama et 
al., 2012). Therefore, TMS has been able to identify how neurophysiological mechanisms 
may underpin changes in DT motor performance, and in doing so, provide potential 
explanations to findings from previous clinical and cognitive behavioural studies. While these 
findings are encouraging, further study needs to be performed in order to build our knowledge 
on current findings. In particular, DT research with TMS needs to be conducted within a 
number of different populations, including healthy and those with neurological conditions, 
using a variety of TMS techniques, including paired-pulse to observe intracortical inhibition 
and facilitation, and triple-pulse TMS techniques to investigate inter-hemispheric inhibition. 
In addition, studies could also investigate if neuroplastic changes occur with DT training, as 
that has been demonstrated in ST training and practice (Pascual-Leone et al., 1995; Pearce, 
Thickbroom, Byrnes, and Mastaglia, 2000). Including a DT training period will enable us to 
expand on current findings by investigating corticospinal changes with DT learning; and as a 
result, reduce negative consequences accompanying DT deficiencies, such as falls 
experienced by elderly populations during gait.  
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This systematic review and meta-analysis  was  conducted  across  studies  using  transcranial  magnetic  stim-
ulation to  investigate  corticospinal  excitability  and inhibition  in  response to a  dual  task (DT).  Quantitative
analysis was  performed  on  eleven  controlled  studies  that  had  included  healthy  participants over the age
of 18 years.  Results showed a  small effect  size for  increased  corticospinal  excitability  for DT conditions
(SMD =  0.207;  p =  .217, and  a small  effect size  (SMD =  −0.253)  demonstrating  a  signiﬁcant decrease  in
corticospinal inhibition  for DT conditions  (p  =  .019). Meta-regression  demonstrated  that  neither  age, task
type, or  task  prioritisation  accounted for  the  high variability  in  effect sizes  between  studies. A  number  of
possible sources of  within  study  bias are identiﬁed,  which  reduced  the  level  of  evidence  for  study  ﬁnd-
ings. The results  show  overall  changes  in  corticospinal  responses  between  ST  and  DT conditions;  however
further research  is  necessary to investigate  variables  that  could  account  for  differences  in corticospinal
responses between  studies.
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1. Introduction
The dual-task (DT) paradigm involves the concurrent perfor-
mance of cognitive, sensory, or motor tasks, or combinations
thereof, to assess the inﬂuence of an additional task on dependent
variables of cortical activity and/or a given performance measure.
In  order to quantify these changes, the DT condition is used as the
experimental condition, for comparison with the control condition
of  single task (ST) performance. DT research using motor tasks, of
interest in this review, often aims to re-create situations of task
coordination occurring during everyday living, such as walking and
talking, driving a  vehicle, and playing a musical instrument (Fort
et al., 2010; Uehara et al., 2011). When compared to the ST con-
dition alone, dual tasking results in a reduction in performance of
motor tasks; a systematic review and meta-analysis by Al-Yahya
et  al. (2011) examined studies that measured gait performance
with an additional cognitive task, with results demonstrating sig-
niﬁcantly reduced gait speed, stride length, and increased stride
time variability during dual tasking. However, this review did not
address the underpinning cortical mechanisms that contributed to
the observed changes in performance outcomes.
A  reduction in DT performance has been previously explained
by a number of theoretical models, including the limited capacity
(also termed capacity sharing), cross-talk, and bottleneck models
(see review by Pashler, 1994).  Collectively, these models describe
DT interference, whereby the human brain is limited in its  ability to
attend to, and process concurrent information. Early work for DT
interference was demonstrated through the use of event related
potentials (ERPs). Sirevaag et al. (1989) showed that during a DT,
as the difﬁculty of the primary task increased, the amplitude of the
P300 potential elicited by secondary tasks decreased. Such patterns
in  ERP amplitudes were suggested to reﬂect processing limitations
within the human brain, in that as the attention required for one
task increased, there was a  decrease in the cortical resources that
could be concurrently allocated to the second task (Isreal et al.,
1980; Luck et al., 2000). More recently, DT interference has been
demonstrated by a number of functional magnetic resonance imag-
ing  (fMRI) studies, which have shown an overall increase in activity
within frontal regions (suggested to be responsible for attentional
processes) during DT conditions, and a  concomitant reduction in
DT  performance (Poldrack et al., 2005; Szameitat et  al., 2002;
Tombu et al., 2011). For example, Tombu et al. (2011) used time
resolved fMRI to identify regions commonly showing increased
activation during a  range of DT conditions (including the inferior
frontal junction, and superior medial frontal cortex), and showed
that timed response times were slowed compared to ST conditions.
These authors suggested a uniﬁed attentional bottleneck within the
frontal cortex, limiting diverse DT operations.
While these theories address cortical activity occurring within
frontal regions of the brain, responses within motor regions, medi-
ating DT motor performance, are less well known. A  number of
studies that have aimed to quantify how the motor cortex responds
to DT paradigms have employed transcranial magnetic stimulation
(TMS). As described by Hallett (2000),  TMS  is a  temporal technique
that is able to measure both the excitatory, and inhibitory responses
of  the primary motor cortex (M1) and corticospinal pathway (see
methods section for an in-depth description of TMS parameters
used  within this review). Using TMS, DT results have varied some-
what, with some studies demonstrating increased corticospinal
excitability during a DT (Hiraga et al., 2009),  and others showing
reduced corticospinal excitability (Poston et al., 2012).  Likewise, it
has  been concluded that an additional task may  result in a reduced
ability to activate M1  inhibitory networks (Fujiyama et  al., 2012);
yet other studies have shown unchanged corticospinal inhibition
during dual tasking (Fujiyama et al., 2009).  Therefore, in order to
increase statistical power, and our overall understanding of the
responses of the motor areas during a  DT, it is  prudent to collate
studies measuring such outcomes. This information would comple-
ment existing research on cortical responses within frontal regions
during dual tasking, and perhaps allow further understanding into
why  DT performance deﬁcits occur.
The aim of  this article was  to use a  systematic review and meta-
analysis to provide information into corticospinal responses during
DT performance. This involved two steps: step one was  a  system-
atic  search of the existing literature to ensure that the database
was comprehensive and that there was  no bias in the decision to
include or exclude certain studies. Step two  was a  quantitative anal-
ysis  of the data after pooling the results of the returned articles. To
the authors’ knowledge, a systematic review and/or meta-analysis
on articles that have investigated corticomotor, or  corticospinal
responses during dual tasking has not yet been performed.
The present review targeted controlled studies that have used
TMS  to investigate corticospinal responses of healthy humans
over the age of 18. TMS  studies were used because it was con-
sidered important to investigate both excitatory, and inhibitory
corticospinal responses to dual tasking. These methods allowed
the formulation of two  primary research questions. Firstly, are
there changes in corticospinal excitability during a dual task involv-
ing a  motor response? Second, are there changes in cortcospinal
inhibition during a  dual task involving a motor response? These
questions were answered using TMS  outcomes of motor evoked
potentials (MEPs), and cortical silent periods (SPs), as described
within the methods section. For further discussion of  TMS  tech-
niques the reader is directed to Chen (2000).  Importantly, these
primary questions addressed the use of only one independent vari-
able: an additional task; to assess whether dual tasking produced
changes in the overall excitability or inhibition of  the corticospinal
pathway during motor performance.
Following a  comparison of an  overall effect of an additional
task on TMS  responses evoked from the M1,  secondary analyses
sought to explore factors that may  account for changes in corti-
cospinal excitability and inhibition. Firstly, Al-Yahya et al. (2011)
demonstrated signiﬁcant changes in DT performance in elderly
populations, and suggested that this may  be due to increased
structural interference due to the decline of frontal regions associ-
ated with age. In addition to age, a comparison between different
additional, or  secondary tasks, was  included; previous studies
have  demonstrated a difference in DT performance depending on
whether the additional task was  motor, or non-motor (Ebersbach
et al., 1995; Hartley, 2001). Finally, corticospinal responses in
studies  where the secondary task was prioritised were of inter-
est. It has been demonstrated that performance of a  motor task
during dual tasking can be improved by prioritising that particu-
lar  task (Yogev-Seligmann et al., 2010).  This is  thought to reﬂect
greater attentional resources devoted to one task preferentially
over another (Temprado et al., 1999).  While evidence has been
presented of these inﬂuences on  DT performance, associated cor-
ticospinal responses are not well known. Therefore, each of these
variables will be assessed via meta-regression of  the TMS  data con-
tained within the included studies of this review.
2.  Method
2.1. Search strategy
The following electronic databases were searched between
April and  May  of 2013: PsycINFO, MEDLINE Complete, Psycarti-
cles, Pubmed, Sport Discus, Web  of Science, Science Direct, and
Cochrane Library. Databases were searched using combinations of
variants (e.g. dual-task*, dual task*) of the following terms: dual-
task, multitask, concurrent, coordination, interlimb, simultaneous,
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Fig. 1. PRISMA ﬂowchart of search method (Moher et al.,  2009).
interference, Transcranial Magnetic Stimulation, excitability, inhi-
bition, motor evoked potential, silent period, motor cortex, and
cortical (see Supplementary ﬁle for an example search in one
database). Two authors (DC & AP) then independently screened
the  titles and abstracts of returned articles, excluding any articles
that were duplicates, or violated inclusion criteria. Any discrepan-
cies where resolved through consensus or consultation with a third
author (JL). All reference lists of included articles were searched.
The corresponding author for two studies (Fujiyama et al., 2009,
2012) was contacted to verify population details, where it  was con-
ﬁrmed that participant populations were different between 2009
and 2012 studies. Full text PDFs of articles were obtained and
exported with their citation to Endnote (Version X5.0.1, Thomp-
son Reuters), with no hand entering or  modifying references. Fig. 1
summarises studies removed following application of each crite-
rion  according to PRISMA guidelines (Moher et al., 2009).
2.2.  Criteria for inclusion
In  each database, searches were limited to peer-reviewed,
full text publications printed in English between 1995 and 2013
(including ‘In Press’ manuscripts). Further, several exclusion crite-
ria were established for searches: (1) Non-peer or  limited review
Conference Proceedings; (2) Conference Abstracts; (3) Books; and
(4)  Theses (PhD, Masters and Honours). Healthy humans over the
age of 18 were targeted as participants for assessment. Participants
with diseases in conjunction with rehabilitation research were
excluded, as ailments such as Parkinson’s Disease and Alzheimer’s
Disease have been shown to affect dual task performance (Brauer
and  Morris, 2010; Logie et  al., 2004). However, healthy controls
included within such studies were eligible for inclusion. Only
studies with a  repeated measures design, where participants per-
formed both the ST and  DT condition, were considered. This design
increases precision within DT studies by reducing pre-existing dif-
ferences in corticospinal activity between participants.
2.3. Tasks
Only DTs that involved a  motor task (of any kind) were included,
and TMS  outcomes having to be measured during this motor task.
For  example, in Poston et al. (2012) TMS  was applied 20 ms prior to
EMG  onset in the ‘pre-motor’ conditions. Therefore, data was only
taken from the ‘phasic’ and ‘tonic’ conditions within this study.
The  task used in the ST condition was also required to be per-
forming the same task/movement in the DT condition. Without
this requirement, the ST condition would not provide an accurate
control for the effect of an additional task within the DT condi-
tion. There were no restrictions on what the additional task could
be (i.e. motor, cognitive, or sensory). If  the experiment included
an  external intervention, such as tendon vibration during task
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performance (for example, see one experiment in Tazoe et al.,
2007a), the experiment was excluded, due to the possibility of these
external interventions affecting electrophysiological responses.
2.4. Transcranial magnetic stimulation
Single and paired pulse TMS  is used in conjunction with elec-
tromyography (EMG) to measure the response of  the target muscle
(the  site of EMG application) after magnetic stimulation of the
M1  (Hallett, 2000).  The aim of this review was  to investigate cor-
ticospinal responses in response to dual tasking. Therefore, TMS
could be evoked from anywhere within the M1 during dual task-
ing, provided that the site of stimulation was the same in both ST
and DT conditions. MEP  size using single pulse TMS  was  the variable
used  to measure the excitability of the corticospinal pathway. The
prevailing response (MEP) of the corticospinal pathway caused by
a  single magnetic pulse at suprathreshold intensity is  likely due in
large  part to the activation of a  chain of cortical facilitatory neurons
within the M1  (Di Lazzaro et al., 2004; Ziemann, 2008; Ziemann
and Rothwell, 2000).  However, single pulse MEP  size can be inﬂu-
enced by many factors, including the activation of  both facilitatory
and inhibitory neurons, and spinal mechanisms (Boroojerdi et al.,
2001; Ziemann, 2008).  Therefore, within single pulse TMS  stud-
ies,  the term ‘excitability’ of the corticospinal pathway is used to
indicate the contribution of a  number of inﬂuences along the cor-
ticospinal pathway resulting in an overall MEP  response (Hallett,
2000; Ziemann, 2008).
Inhibition was deﬁned as either SP duration, or the size of  the
conditioned MEP, where a  short interval intracortical inhibition
(SICI) protocol was used (van den Berg et al., 2011).  The SP refers
to  the TMS-induced interruption of activity in the EMG of the
target muscle (Ziemann, 2008). It is now generally accepted that
while spinal mechanisms may  contribute to the early part of the
SP (<50 ms), its later part is generated exclusively by inhibition
within the M1,  via the activation of type b  gamma-aminobutyric
acid receptors (GABABR) (Fuhr et al., 1991; Hallett, 2000; Wolters
et  al., 2008). Using a SICI protocol to measure inhibition, an MEP  will
be  suppressed if preceded by a subthreshold stimulus at  1–5 ms,
and  are also suggested to be of intracortical origin, mediated by the
activation of type a  gamma-aminobutyric acid receptors (GABAAR)
(Hanajima and Ugawa, 2008; Kujirai et al., 1993). For ease of discus-
sion, authors will refer to all TMS  outcomes as either corticospinal
excitability, or corticospinal inhibition.
2.5. Effect size calculations and data extraction procedures for
primary analysis
The results from each study were described by an effect size that
quantiﬁed the difference in excitability or  inhibition between ST
and  DT conditions. The  effect size measure used was  the standard-
ised paired mean difference (SMD, also known as Cohen’s d). This
expressed the difference in excitability or inhibition between ST
and DT conditions, in standard deviation units. SMD  was calculated
so that positive values indicated greater excitability or  inhibition in
the DT, compared to the ST, condition. The general formula to com-
pute SMD  for this interaction value is shown in (1) and variance in
(2).
SMD  = x¯ST − x¯SD√
SD2ST + SD2DT −  2  × r × SDST ×  SDDT
(1)
S.E.  (SMD) = SDdifference√

(2)
wherex¯ is the mean MEP  for ST or DT conditions. SD is the standard
deviation for ST or  DT conditions. r is  the bivariate correlation
between ST and DT conditions. SDdifference is the standard deviation
of the difference between ST and DT conditions.
Computing SMD  required estimating the correlation between
ST and DT conditions for excitability and inhibition data. For nine
studies (Fujiyama et al., 2009, 2012; Hiraga et al., 2009; Master and
Tremblay, 2009; Poston et al., 2012; Sohn et al., 2005; Takahashi
et al., 2006; Tazoe et al., 2007b; van den Berg et  al.,  2011) the cor-
relation coefﬁcient was imputed using data reported within the
text, or  ﬁgures, that compared differences within ST and DT con-
ditions. For two  studies (Sugawara et al., 2005; Tazoe et  al., 2007a)
the correlation could not be obtained and was estimated by tak-
ing  the average value of the correlation of the aforementioned nine
studies, as recommended by Borenstein et al. (2011).
To then compute SMD  and standard error (S.E.), from nine stud-
ies (Fujiyama et al.,  2009, 2012; Hiraga et al., 2009; Master and
Tremblay, 2009; Poston et  al., 2012; Sohn et al., 2005; Sugawara
et al., 2005; Tazoe et al., 2007a; van den Berg et al.,  2011) mean and
standard deviations were taken from relevant ST and DT condi-
tions. In  two  studies (Takahashi et al., 2006; Tazoe et  al., 2007b)
means and standard deviations were not available; these stud-
ies reported DT excitability and inhibition as a  percentage of ST
conditions. For these studies SMD  and S.E. (SMD) was calculated
by converting results to a one-sample t-test and estimating effect
sizes and standard error using the formulas provided by Smithson
(2003).  For six of the eleven included studies (Hiraga et al., 2009;
Master and Tremblay, 2009; Poston et al., 2012; Sugawara et al.,
2005; Takahashi et al., 2006; van den Berg et al., 2011), means
and standard deviations for at least one condition (ST or  DT) were
extracted from ﬁgures using a  computer program to digitise data
points (PlotDigitizer, version 2.6.2).
In eight studies (Fujiyama et al.,  2009, 2012; Hiraga et al., 2009;
Poston  et  al., 2012; Takahashi et  al.,  2006; Tazoe et al., 2007a,b;
van den Berg et al., 2011),  comparisons between ST and DT con-
ditions for both excitability and inhibition data were undertaken
across multiple conditions or experiments. For example, Fujiyama
et al. (2009) investigated excitability by comparing the mean MEP
recorded in the ST condition (‘Baseline phasic’), to mean MEP  data
recorded in four DT conditions. In this case the value used in the
meta-analysis was  the average effect size of the four DT conditions,
and corresponding average standard error. This was the method
employed across all  eight studies reporting multiple ST or DT con-
ditions. For studies where ST and DT conditions were investigated
over multiple experiments, some of  these experiments violated
inclusion criteria. For example, Tazoe et al. (2007a) investigated the
effect  of  ischaemic nerve block, and tendon vibration during a  DT.
For such cases, experiments that violated criteria were excluded,
and the average effect size was calculated across the remaining DT
condition/s.
Three studies (Fujiyama et al., 2009, 2012; Hiraga et al., 2009)
reported data for two  independent groups within either excitabil-
ity or  inhibition data. Fujiyama et al. (2009, 2012) reported data
for  samples comprising ‘young’ and ‘old’ participants. Hiraga et al.
(2009) reported data from different groups of adults who  partici-
pated in two experiments (experiments 3 and  4).  In these instances,
separate effect size and standard errors were computed for each
independent group. Tazoe et al. (2007a) performed a  number of
sub-experiments within their study. While 11 participants were
used in total for this study, numbers for each sub-experiment var-
ied. Therefore, for both excitability and inhibition data, effect sizes
were calculated based on only the analysis of TMS stimulus inten-
sity on ST and DT corticospinal activity, where all 11 participants
were  included (see Table 1,  upper portion, and Fig. 2b of Tazoe
et  al. (2007a),  for excitability and inhibition data, respectively). Data
from  these sub-experiments could not be included due to differ-
ent participant numbers inﬂuencing calculation of  the study effect
size.
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Table 1
Characteristics of included studies. In studies where no age range is given, the mean (m) age is  reported.
Study Subgroup Study design Age range Sample size
Excitability Inhibition
Fujiyama et al. (2009) Younger Repeated measures 21.9 15 15
Older 66.7 15 15
Fujiyama et al. (2012) Younger Repeated measures 21.7 13 13
Older 67.8 13 13
Hiraga et al. (2009) Exp 3 Repeated measures 22.1 10 n/a
Exp 4  20.1 11
Master and Tremblay (2009) n/a Repeated measures 21.9 9 n/a
Poston et al. (2012) n/a Repeated measures 29.8 8 8
Sohn et al. (2005) Excitability Repeated measures 26–42 6
Inhibition 36 11
Sugawara et al. (2005) n/a Repeated measures 19–38 6 n/a
Takahashi et al. (2006) n/a Repeated measures 23–38 10 n/a
Tazoe et al. (2007a) n/a Repeated measures 22–30 11 11
Tazoe et al. (2007b) n/a Repeated measures 22–33 10 10
van den Berg et al. (2011) Excitability Repeated measures 20–23 12
Inhibition 19–24 8
Fig. 2. Funnel plot examining publication bias across excitability studies. The ﬁgure
plots SMD  (effect size) against standard error, to  provide a measure of the accuracy
or  precision of each study’s results.
Two studies investigated the effect of coil direction on corti-
cospinal excitability (Sugawara et al., 2005; Takahashi et al., 2006).
These studies presented ST and DT data from trials with the TMS
coil  pointing anteriorly, and posteriorly. All other included stud-
ies  gathered TMS  data using a  posterior coil orientation. Changing
the direction of induced current within the cortex inﬂuences corti-
cospinal responses, possibly because of the anatomical orientation
of  the pyramidal tract neurons within the M1 (Brasil-Neto et al.,
1992; Ziemann et al., 1996),  therefore, data gathered from these
studies using an anteriorly orientated coil was excluded from anal-
ysis.
2.6. Effect size calculations and data extraction procedures for
secondary analyses
A series of random-effects model meta-regressions (Greenland,
1987) were used to investigate whether participant or methodolog-
ical characteristics were systematically related to differences in
effect sizes. Speciﬁcally, meta-regression was used to test whether
age, task type, task prioritisation and the randomisation of ST and
DT  conditions predict study level effect sizes. To have sufﬁcient
statistical power in meta-regression, an effect size to covariate
ratio of 10 to 1 is suggested (Borenstein et al., 2011). To maximise
statistical power for the analyses, separate meta-regressions were
undertaken that tested one covariate at a time. A meta-regression
was performed for age for both excitability and inhibition data,
while task type and task prioritisation, meta-regression was
performed only for excitability data, as there was insufﬁcient
inhibition data to compare these variables. For each model, studies
were dummy coded either 0 or  1 depending on study character-
istics. For example, in the task type analysis, 0  = motor additional
tasks, and 1 =  non-motor additional tasks (see Table 4).
To investigate whether the age of participants predicted effect
size,  studies were categorised into those that tested ‘young’ par-
ticipants and those that tested ‘old’ participants. Studies testing
‘young’ participant comprised of participants aged between 18
and  46 years. Studies testing ‘old participant comprised of  partic-
ipants aged between 58 and 84 years. This method was preferred
because ﬁve studies reported an age range, rather than a mean
(Sugawara et al., 2005; Takahashi et al., 2006; Tazoe et al., 2007a,b;
van den Berg et al., 2011).  Therefore a  graded analysis using mean
and  median ages would have been imprecise. For the analysis of
task type, all experiments using non-motor additional tasks were
compared with experiments that used an additional motor task.
Likewise, for the analysis of task prioritisation, experiments were
extracted where the additional task was  prioritised for compari-
son with DTs where neither task was  prioritised. As can be seen
in Table 2, Hiraga et  al. (2009) included two DTs each for both
Experiments 3 and 4. In Experiment 3, Hiraga et al. (2009) used
a ‘DT motor’, where the secondary task was a motor response,
and also a ‘DT cognitive’, where the secondary task was  counting
backwards. Therefore, results of the ‘DT cognitive’ condition within
Experiment 3  were extracted for the task type meta-regression
(motor versus non-motor tasks). Within Experiment 4  of Hiraga
et  al. (2009) instructions were to prioritise one task so that attention
was directed either towards (DT reaction time), or away (DT coordi-
nation) from the initial motor task. Data from the ‘DT coordination’
condition was therefore extracted for the secondary analysis of task
prioritisation. Master and Tremblay (2009) used a DT where the
additional task was cognitive, and also prioritised. Therefore data
from this study were used in both the task type, and  task prioriti-
sation analyses.
While an analysis of effect sizes for ST and  DT corticospinal activ-
ity and performance would have been valuable, this could not be
performed due to the small number of studies providing both ST
and DT performance data. Included studies often reported relative
phase error between two concurrent limb movements as their mea-
sure for performance (Fujiyama et al., 2009, 2012; Hiraga et al.,
2009; van den Berg et al., 2011), thus providing performance data
only across different DT conditions, rather than for both ST and
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DT conditions. The remaining studies did not report performance
data.
2.7. Pooling of individual effect sizes
Individual effect sizes were averaged and variances pooled using
a  random effects model (Hedges et al., 1985).  It should be noted that
by  using a random effects model it was assumed that differences
between effect sizes reﬂect the combined inﬂuence of within-study
error (i.e. sampling error) and some form of systematic inﬂuence
otherwise known as between-study error. An alpha level of .05
(two-tailed) was used to test whether the average effect size was
signiﬁcantly different from zero.
2.8. Evaluation of bias
The presence of publication or selection bias across studies was
evaluated using funnel plots and Egger’s Test of Asymmetry (Egger
et al., 1997). Separate analyses were carried out for excitability
and inhibition data. In a funnel plot, study effect sizes are plot-
ted against their standard error. The  standard error is  taken as an
index concerning the precision or  accuracy of the effect size. In
the  absence of publication/selection bias, effect sizes are symmet-
rically distributed around the overall average effect size especially
as  the standard error increase/precision decreases. When selec-
tion/publication bias is  present arising from a  tendency for studies
with high or low effect sizes to be published or selected, the funnel
plot becomes asymmetrical when the study precision is low. Fun-
nel plots for excitability and inhibition effect sizes are presented
in  Figs. 2 and 3, respectively. Egger’s Test evaluates whether the
amount of asymmetry in a  funnel plot is  signiﬁcant.
The presence of bias within studies was investigated using three
methods. Firstly, a  checklist was used to assess the methodological
quality of studies using TMS  to study the motor system (Chipchase
et  al., 2012). TMS  results have been shown to exhibit variability
within, and across testing sessions (Ellaway et al., 1998; Kiers et  al.,
1993; Woodforth et al., 1996).  This checklist aimed to indicate if  the
TMS  methodological quality of a  study could be a  possible source
of  study bias. Each study using single pulse TMS  was  given a  score
out of 27, and studies using paired pulse TMS  (van den Berg et al.,
2011) given a score out of 30. A  single score was  given on the
checklist where each item was either reported or controlled within
studies. Secondly, it was noted whether each study randomised or
counter-balanced the order of  presentation of ST and DT conditions,
with a justiﬁcation for the judgement provided as recommended
by  the Cochrane risk of bias tool (Higgins and Green, 2011).  The
Fig. 3. Funnel plot examining publication bias across inhibition studies.
randomisation of conditions within a  DT experiment is relevant
due to changes in cortical activity occurring due to the learning of
a DT (Poldrack et  al., 2005),  and also fatigue; central nervous sys-
tem fatigue and muscle fatigue have both been shown to reduce
the size of MEPs during experiments requiring motor responses
(Brasil-Neto et al., 1993; Taylor et al., 1996). While randomisation
was considered important, authors agreed that non-randomised
studies still be included for review, due to the already small num-
ber of studies within the meta-analysis. It was  also noted that if
Master and Tremblay (2009) were excluded, secondary analyses of
task type, and task prioritisation, would not be feasible. Lastly, stud-
ies were assessed for the presence of performance bias, whereby a
participant’s performance may  have been inﬂuenced by the expo-
sure to factors other than those of interest (Higgins and Green,
2011).  While this review did not compare performance outcomes, it
has been demonstrated that changes in DT performance can inﬂu-
ence corticospinal responses (Fujiyama et al., 2012). Factors that
were considered to be possible sources of performance bias within
this  review were unequal experimenter behaviour or instructions
between conditions, and any other differences in methodology
identiﬁable between ST and DT conditions (e.g. unequal familiarisa-
tion  or  training) that could have contributed towards differences in
effect sizes. In regards to experimenter behaviour or instructions,
it  is acknowledged that it is  not possible to blind either experi-
menters or participants to which condition was being performed
(ST or DT). However, due to the simple nature of some ST con-
ditions, such as isometric ﬁnger contraction (Poston et  al., 2012;
Sugawara et al., 2005),  there is the potential for an  experimenter to
expect unequal outcomes between ST and more involved DT con-
ditions, expectations that could inﬂuence participant performance
(for a  discussion, see Rosenthal, 1994, 2002).  Two  studies (Hiraga
et  al., 2009; Master and Tremblay, 2009) were excluded from an
assessment of experimenter behaviour; while there were instruc-
tions to emphasise certain tasks in these studies, these instructions
were explicitly stated as being part of the experimental design.
Moreover, changes due to task instructions in these studies were
assessed via the task prioritisation analysis. These two  studies were,
however, screened for other differences in methodology between
ST  and DT conditions that may have resulted in performance bias.
2.9. Between study variability
The amount of heterogeneity or variability between effect sizes,
due to between-study error, was quantiﬁed. This was achieved
using the I2 statistic (Higgins and Thompson, 2002). This statis-
tic  expresses as a percentage or proportion the heterogeneity or
variability in effect sizes attributable to between-study effects (e.g.
participant or methodological characteristics). In interpreting I2
statistics, Higgins et al. (2003) suggest that values of 25%, 50% and
75% correspond to low, moderate and high levels of heterogeneity
respectively.
2.10. GRADE evaluation of  overall quality of evidence
Based on  the GRADE approach (GRADE Working Group, 2004),
an  overall evaluation of the quality of evidence for both excitability
and inhibition data was  provided. Using this approach, the quality
of  a body of evidence is  assessed based on the extent to which one
can  be conﬁdent in the estimate of effect (GRADE Working Group,
2004). The GRADE approach provides a systematic and explicit
approach to making judgments about the quality of evidence and
the strength of recommendations, that can help to prevent errors,
facilitate critical appraisal of these judgments, and help to improve
communication of this information (GRADE Working Group,
2004). Four levels of quality are speciﬁed, with the following def-
initions provided in grading the quality of evidence: High (level of
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Table 3
Risk of bias within included studies.
Study TMS  score Randomisation Performance bias
(/27) Judgement Support for judgement Judgement Support for Judgement
Fujiyama et al. (2009) 20 Yes “The order of conditions was
randomised across participants”
Low risk “At least one familiarisation
trial was given before each
condition”
Fujiyama et al. (2012) 21 Yes “The order of conditions was
counterbalanced across participants”
Low risk “At least one familiarisation
trial was given in each
condition prior
to. . .experimental trials”
Hiraga et al. (2009) 18 Likely Not reported within study. After being
contacted, author replied that
conditions were randomised
Unclear risk
Master and Tremblay (2009) 17 No Author was contacted, who conﬁrmed
that the  DT data was collected 6
months after the ST data
High risk 6  months between conditions
increases the  likelihood of
external factors inﬂuencing
outcomes
Poston et al. (2012) 21 Yes “The four conditions were each
presented four times in random order”
Unclear risk
Sohn et al. (2005) 17 Yes “The order of control and leg
movement-triggered sessions was
random for each volunteer.”
Unclear risk
Sugawara et al. (2005) 15 No “. . .Randomisation could not be
done.  . .”
Unclear risk
Takahashi et al. (2006) 17 Yes “Control and conditioned trials were
randomly intermixed.  . .”
Unclear risk
Tazoe et al. (2007a) 18 Yes “As a control trial,  TMS  was delivered
without dorsiﬂexion in a random
manner”
Unclear risk
Tazoe et al. (2007b) 18 Yes “In control trials inserted randomly
throughout a session.  . .”
Unclear risk
van den Berg et al. (2011) 24(/30) Yes “During the  experiment, each of the
movement conditions was
performed.  . .in pseudo-random order”
Low  risk “For each condition, several
training trials were performed
prior to TMS”
evidence) = Further research is  very unlikely to change our con-
ﬁdence in the estimate of effect; Moderate = Further research is
likely to have an important impact on our conﬁdence in the esti-
mate of effect and may  change the estimate; Low =  Further research
is  very likely to have an important impact on our conﬁdence in
the  estimate of effect and is likely to change the estimate; Very
low = Any estimate of effect is very uncertain (GRADE Working
Group, 2004). The highest quality rating is for randomised trial
evidence. However, randomised trial evidence can be downgraded
to moderate, low, or very low quality evidence, depending on
the presence of the ﬁve factors (see Table 5). Usually, the overall
quality rating will fall by one level for each factor. Evidence can also
be upgraded based on the presence of the three factors (GRADE
Working Group, 2004) (see Table 5). Three authors (DC, AP, &  JL)
evaluated the quality of evidence collaboratively.
3. Results
After applying the criterion, a  total of eleven published studies
were included for meta-analysis. An initial search of all databases
yielded 1230 citations, yet a  large amount of these (n =  484) were
identiﬁed as duplicates and removed. After screening for title and
abstract, 688 records were excluded, as they clearly did not meet
inclusion criteria (e.g. they did not include a  DT experiment). The
full texts of 58 articles were then obtained for examination. Of
these, nine articles met  inclusion criteria, and were included for
meta-analysis. The reference lists of each of these articles were then
searched, and 36 additional full texts were examined. Of these, two
additional studies were found that had not already been included.
See Fig. 1 for detailed process, and reasons for exclusion.
Of the 11 studies included for quantitative review, sample sizes
were relatively small for both excitability and inhibition data (ran-
ging from 6 to 15 participants) (see Table 1). Participants were
generally young, with ages ranging from 18 to 46 in all studies,
with the exception of the older participant groups in Fujiyama et al.
(2009) and (Fujiyama et al., 2012) (see Table 1),  where participants
ranged from 58 to 84. All studies used a  repeated measures design,
with each participant performing both the ST and DT condition, and
the  ST used as the control, for comparison with the experimental
condition (DT). Each of the 11 studies reported MEP  data to be used
for the excitability analysis, however four studies did  not investi-
gate inhibition (see Table 1). This resulted in a  total of 149 and 104
participants for the excitability and inhibition data, respectively.
Referring to Table 2,  it can be seen that all  studies used single
pulse TMS, except for van den Berg et al. (2011), who used paired
pulse TMS  to obtain inhibition data. Two studies (Sugawara et al.,
2005; Tazoe et  al., 2007a) presented MEP  amplitudes as percent-
age  of the maximum M-wave amplitude. This is  a  well-established
method to normalise MEPs between participants (Stinear et al.,
2001).  Two studies (Takahashi et  al., 2006; Tazoe et  al., 2007b)
presented the DT MEP  amplitude as a  percentage of the ST MEP. Tar-
get muscles varied from muscles in the hand (Poston et al., 2012),
arm (Fujiyama et al.,  2009, 2012),  and leg (Hiraga et al., 2009) (see
Table 2).  Two studies investigated the activity of the ipsilateral M1
during DT performance (Fujiyama et al., 2012, Experiment 2; van
den Berg et  al., 2011).  This means that TMS data was evoked from
the opposite M1 to that mediating movement. Because TMS  was
delivered at the same site in both ST and DT conditions, and the
aim of the review was to investigate corticospinal activity evoked
from the M1,  these articles met  inclusion criteria. All other studies
evoked TMS  from the contralateral M1,  from the muscle mediating
movement of ST and DT conditions.
3.1.  Evaluation of bias
In evaluating publication or  selection bias across studies, Egger’s
Test did  not reveal signiﬁcant asymmetry for either excitability or
inhibition data (excitability data: t(13) = 1.496, p = .16; inhibition
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Fig. 4. Forrest plot showing individual and average effect sizes for excitability in ST and DT conditions (weights computed using a random effects model).
data: t(8) = 0.731, p = .489) (see Figs. 2  and 3, respectively). Because
the data for the excitability analysis included two non-randomised
studies, meta-regression was performed post hoc to assess whether
these  included studies may  have inﬂuenced overall effect size. No
inﬂuence on study level effect sizes from these two studies was
detected (Fig. 6, panel e; and Table 4,  Model 5).
Table 3 shows the results of assessments on within study bias.
The TMS  methodological checklist resulted in scores ranging from
15  to 21 out of a possible 27 (single pulse TMS), within one study
using paired pulse TMS  (van den Berg et al., 2011) scoring 24 out
of  a possible 30 (Table 3).  Authors did not assume these scores
low  enough to have introduced bias within studies. Table 3 shows
that  each study reported randomisation of ST and DT conditions
within their methods, with the exception of three studies (Hiraga
et  al., 2009; Master and Tremblay, 2009; Sugawara et al., 2005). For
Sugawara et al. (2005),  randomisation did not occur because the
additional task was rigged to trigger the TMS  stimulus in the DT
condition. After correspondence, Hiraga et  al. (2009) replied that
randomisation did occur, while Master and Tremblay (2009) con-
ﬁrmed that randomisation did not  occur, and participants returned
6  months after the ST condition to perform the DT condition after
comments from reviewing authors. This introduced uncertainty
that ST and DT conditions were performed under the same con-
ditions, and therefore this study was judged to represent a  high
risk of performance bias. For most of the remaining studies (n  = 7), it
was unclear whether performance bias could have inﬂuenced study
outcomes. This was due experimenter behaviour, instructions, or
familiarisation sessions not  being explicitly reported between ST
and DT conditions. For three studies, it was judged that there was
a low risk of  experimenter bias of the ST or DT condition, because
these studies reported that participants performed familiarisation
sessions across both ST and DT conditions (see Table 3).
3.2. Differences between ST and DT conditions in  excitability and
inhibition
The  primary research questions investigated whether there was
a difference in corticospinal excitability, and corticospinal inhi-
bition between DT and ST conditions. Individual and weighted
average effect sizes for both outcomes are presented in forest plots
in Figs. 4 and 5.
The average weighted effect size for excitability was found to
be 0.207, which corresponds to a small effect size (Cohen, 1988).
That is, on average, the difference in excitability between ST and
DT condition is  0.207 standard deviation units. This effect size was
not signiﬁcant (p = .217). As evident in Fig. 3  there is a  high amount
of  variability between effect sizes (I2 = 91). This indicates that 91%
of  variability between effect sizes represents systematic inﬂuence
of  one or more variables.
The average weighted effect size for inhibition data was found
to  be −0.253, which was found to be signiﬁcantly different from
zero (p  =  .019). The magnitude of this effect size corresponds to a
small effect size (Cohen, 1988).  This result indicates that there is
a  signiﬁcantly reduced corticospinal inhibition in DT, compared to
ST conditions. However, there is a  high of heterogeneity between
study  level effect sizes (I2 =  74.9). That is,  74.9% of  variability
between effect sizes represents systematic inﬂuence of  one or more
variables.
Fig. 5. Forrest plot showing individual and average effect sizes for inhibition in ST and DT conditions (weights computed using a random effects model).
45
D.T. Corp et al.  / Neuroscience and Biobehavioral Reviews 43 (2014) 74–87 83
Table 4
Results from meta-regression analyses investigating contribution of age, task type, task prioritisation, and study randomisation to study level effect sizes. Note: In a meta-
regression the R2 value describes the  amount of between-study heterogeneity accounted by the model. ˇ  and B values indicate the  change in effect sizes following a one-unit
change in the covariate (ˇ-values indicate change in standard deviations, B values indicate change in the metric of the covariate). The Qmodel-statistic measures heterogeneity
in  effect sizes accounted by the model.
Model number/predictor in the model R2 Qmodel Qresudual df ˇ  B p
Model 1: age (outcome variable: excitability effect sizes) 0.020 0.316 15.233 1,12 −0.143 −0.257 .574
Model 2: age (outcome variable: inhibition effect sizes) 0.059 0.561 8.887 1,7 0.244 0.189 .454
Model 3: task type (outcome variable: excitability effect sizes) 0.104 1.653 14.242 1,12 −0.323 −0.547 .199
Model 4: task prioritisation (outcome variable: excitability effect sizes) 0.049 0.766 14.7S6 1,12 −0.222 −0.416 .381
Model 5: randomisation (outcome variable: excitability effect sizes) 0.056 0.874 14.853 1,12 −0.236 −0.487 .350
3.3. Does participant age, task type, or task prioritisation predict
effect sizes?
Results from the secondary analysis are summarised in Table 4
(Models 1–4). For illustrative purposes data is  also summarised in
Fig. 6 (Panels a–d). Results showed that none of the covariates of
age, task type, or task prioritisation were signiﬁcant predictors of
study level effect sizes with models accounting for between 0.2%
and 10.9% of between study heterogeneity.
Meta-regression was also used to analyse the inﬂuence of ran-
domisation on effect sizes (Fig. 6,  panel e; and Table 4,  Model 5).
Results of this analysis were not part of the secondary analysis, and
are thus described in an earlier section of the results (see ‘Evaluation
of  bias’)
3.4. GRADE evaluation of overall quality of evidence for
excitability and inhibition data
An evaluation of the quality of evidence is given in Table 5. For
both the excitability and inhibition analyses, it was judged that the
data  represented a  moderate level of quality for the demonstrated
effect.
For the excitability data, a high level of evidence was initially
assumed, as advised by GRADE Working Group (2004), where
the body of evidence contains randomised, controlled trials.
While two studies were not randomised (Master and Tremblay,
2009; Sugawara et al.,  2005), meta-regression showed that non-
randomisation did not signiﬁcantly inﬂuence overall effect size
(Fig. 6,  Panel e). Referring to Table 5, top column, it can be seen that
limitations in the design of some studies were present, which could
have introduced some overall bias (Table 5,  top column). However,
a number of reasons contributed to the authors’ decision to not
downgrade the level of evidence based on these limitations. Here,
within study bias was speciﬁcally evaluated by the randomisation
of studies (addressed above via meta-regression analysis), the risk
of performance bias, and the TMS  quality score. As can be seen
in  Table 3,  seven studies had an unclear risk of performance bias,
and  one study had a high risk of bias (Master and Tremblay, 2009)
due  to 6 months between ST and DT conditions. In regards to
unclear performance bias, factors contributing to this bias, namely
experimenter behaviour and instructions, and familiarisation and
training, were not adequately reported in these studies. However,
as  advised by Higgins and Green (2011),  review authors should
attempt  to assess the design and conduct of included studies, rather
than making judgements about study quality based on the ade-
quacy of reporting. Inadequate reporting presents an obstacle in
making such assessments, yet it can only be highlighted as unclear
as to whether these issues introduced bias (Table 3). For the high
Table 5
GRADE evaluation of overall quality of evidence across excitability (A); and inhibition analyses (B).
A
Factors that may  decrease the  quality level of a body of evidence Considerations across studies GRADE assessment
Limitations in the design and implementation of studies suggesting
high likelihood of bias
Non-randomisation and risk of bias present, yet not likely to
inﬂuence effect
Do not downgrade
Indirectness of evidence (indirect population, intervention, control,
outcomes)
Each of these factors are clear and direct across studies Do not downgrade
Unexplained heterogeneity or inconsistency of results (including
problems with subgroup analyses)
High level of unexplained heterogeneity Downgrade one level
Imprecision of results (wide conﬁdence intervals) Most studies had moderate conﬁdence intervals (Fig. 4) Do not downgrade
High probability of publication bias Low risk of publication bias (Fig. 2) Do not downgrade
Factors that may  increase the quality level of a body of evidence
Large magnitude of effect Small effect size Do not upgrade
All plausible confounding would reduce a demonstrated effect or
suggest a spurious effect when results show no effect
No  confounding evident that reduced demonstrated effect Do not upgrade
Dose-response gradient n/a Do not upgrade
B
Factors that may  decrease the  quality level of a body of evidence Considerations across studies GRADE assessment
Limitations in the design and implementation of available studies
suggesting high likelihood of bias
No clear limitations or bias found within included studies Do not downgrade
Indirectness of evidence (indirect population, intervention, control,
outcomes)
Each of these factors are clear and direct across studies Do not downgrade
Unexplained heterogeneity or inconsistency of results (including
problems with subgroup analyses)
High level of unexplained heterogeneity Downgrade one level
Imprecision of results (wide conﬁdence intervals) Most studies had moderate conﬁdence intervals (Fig. 4) Do not downgrade
High probability of publication bias Low risk of publication bias (Fig. 3) Do not downgrade
Factors that may  increase the quality level of a body of evidence
Large magnitude of effect Small effect size Do not upgrade
All plausible confounding would reduce a demonstrated effect or
suggest a spurious effect when results show no effect
No  confounding evident that reduced demonstrated effect Do not upgrade
Dose-response gradient n/a Do not upgrade
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Fig. 6. Scatterplots illustrating results of meta-regression. Panels A & B show relationship between effect size and age for excitability data, and inhibition data, respectively.
Panel C shows the inﬂuence of task type of effect size for excitability data. Panel D shows the  inﬂuence of task prioritisation on effect size for excitability data. Panel E shows
the  inﬂuence of randomisation on effect sizes for excitability data. Data points each represent one included study, and are proportionally sized according to the study’s weight
in  the model.
risk of performance bias in Master and Tremblay (2009), this issue is
again partly explained by the meta-regression of non-randomised
studies referred to above, in that removal of this study (along with
Sugawara et al., 2005),  would result in no  signiﬁcant change to
overall effect size for excitability data. It should also be noted that
this study had  a large negative effect size (SMD = −1.130); therefore,
removal of this study would increase the demonstrated effect. This
would mean that if  authors were to downgrade this study based on
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limitations in design (see Table 5),  it would also have to be acknowl-
edged that the confounding in this study was ‘plausible’ (see Table 5
‘Factors that may  increase the quality level of a  body of evidence’ for
Excitability), and reduced the demonstrated effect. Based on  this
interpretation we would have been advised to upgrade the level of
evidence (GRADE Working Group, 2004). Therefore, it was judged
that while these issues may  have somewhat reduced the preci-
sion of the effect, it  did  not  reduce the authors’ conﬁdence in the
observed small effect size in the positive direction for the excitabil-
ity analysis. While the level of evidence was not downgraded based
on  the design and implementation of studies, the high level of het-
erogeneity was cause for the quality of evidence to be downgraded
one level. This left an  overall moderate level of quality of evidence
for the excitability analysis, meaning that further research is  likely
to  have an important impact on our conﬁdence in the estimate of
effect and may  change the estimate (GRADE Working Group, 2004).
For the inhibition data, all studies were randomised and con-
trolled, and therefore a  high level of evidence was initially assumed
(GRADE Working Group, 2004). There were no studies included
that  were at a high risk of performance bias, however, the high
level of heterogeneity was again cause for the quality of  evidence
to be downgraded one level. Therefore, as with the excitability data,
inhibition data was graded as a having an overall moderate level of
evidence. In evaluating the importance of the heterogeneity how-
ever, consideration should be given to not only the magnitude of
the  variability, but also the direction of the effects (GRADE Working
Group, 2004; Higgins and Green, 2011). It should therefore be noted
that the seven of the nine population groups demonstrated a neg-
ative  effect size for reduced inhibition in DT conditions (see Fig. 5).
4.  Discussion
The primary aim of this systematic review and meta-analysis
was to investigate how an additional task inﬂuences the excitability
and  inhibition of the corticospinal pathway, during motor per-
formance. Additionally, by investigating age, task type, and task
prioritisation, secondary analyses sought to account for why  these
outcomes may  occur. Results demonstrated a small, non-signiﬁcant
effect size favouring greater excitability in DT conditions, and a
small, signiﬁcant effect size indicating a  reduction in corticospinal
inhibition during dual tasking. To  the authors’ knowledge, this is the
ﬁrst meta-analysis demonstrating neurophysiological changes, as
measured by TMS, with the intervention of an  additional task. The
high level of heterogeneity in study effect sizes reduced the quality
of  evidence for both outcomes, and this is reﬂected in the down-
grading of quality of evidence from a high, to moderate level for
both  excitability and inhibition data. Secondary analyses found that
age, task type, and task prioritisation did  not signiﬁcantly inﬂuence
excitability or inhibition within included studies. Factors that may
have inﬂuenced overall effect sizes, and also ﬁndings of secondary
analyses, are further discussed.
Referring to Table 3,  it  can be seen that for a  number of studies,
it was unclear whether performance bias inﬂuenced overall effect
size,  especially so for excitability data. In these cases, it has been
highlighted that the underreporting of experimenter behaviour and
instructions, and other methods such as task familiarisation, caused
this uncertainty, rather than the poor quality of the methods per
se.  Therefore the biggest concern in the conﬁdence that one can
have in the overall effect size for both excitability and  inhibition
data is considered to be the high between-study variability. This
is  reﬂected in the GRADE assessment, where the quality of evi-
dence for both sets of data was downgraded one level for this reason
(Table 5). The aim of the secondary analyses was to investigate why
such between-study variability was present, and therefore predict
under what circumstances changes in corticospinal excitability and
inhibition may  occur. Given that none of the secondary factors pre-
dicted between-study variability, it is logical to look to other factors
that  may  explain why these changes occur. However, it should be
noted that each of these analyses were conducted across a small
number studies. This highlights that age, task type, nor task prioriti-
sation has been extensively investigated using TMS, and that future
research could indeed show that these factors produce changes in
corticospinal excitability and inhibition during dual tasking.
Unfortunately, other factors that could account for the high
between-study variability could not be analysed, due to studies
either not investigating, or not reporting such variables. These
include, but are not limited to, the differences in the nature or
movements of the tasks; the complexity of the tasks; and per-
formance outcomes. Given the suggestion of limited attentional
resources inﬂuencing DT performance (see Introduction), it  would
have been helpful to investigate whether task performance inﬂu-
enced corticospinal outcomes. In a similar vein, if  the complexity of
DTs between studies could have been quantiﬁed, it may  also have
indicated whether, or to what extent, attentional demand inﬂu-
enced corticospinal excitability or inhibition. Thus, while overall
changes in corticospinal outcomes have been observed with the
intervention of an additional task, factors predicting these changes
remain unclear. This is demonstrated by the conclusions of two
included studies, both discussing an observed reduction in cor-
ticospinal inhibition during dual tasking. Firstly, Fujiyama et al.
(2012) suggested that reduced inhibition may  be due an addi-
tional task causing interference in the ability to activate inhibitory
structures within the M1.  Conversely, the reduced inhibition in
Sohn et al. (2005) was  termed ‘corticospinal disinhibition’, which
was  suggested to facilitate motor output to both muscles concur-
rently. Given these somewhat diverging conclusions, it is  suggested
that future research investigate DT performance and/or complex-
ity  (i.e. attentional resources required), and their relationship with
corticospinal outcomes, in order to further understanding of the
neurophysiological mechanisms underpinning a  reduction in DT
performance.
4.1.  Limitations
It is  acknowledged that the utility of the GRADE quality of evi-
dence scale within this meta-analysis is  somewhat limited, because
this  scale is designed to be used in grading the quality of clinical
trials (GRADE Working Group, 2004).  Judgments on upgrading and
downgrading the level of evidence are open to interpretation, and
were made slightly more difﬁcult given that studies within this
review were not clinical in nature.
4.2.  Conclusions and recommendations
To the authors’ knowledge, this is  the ﬁrst systematic review and
meta-analysis to investigate the changes in cortical activity associ-
ated with dual tasking. Authors have collated evidence across eight
databases from studies using TMS  to investigate ST and DT con-
ditions. It is important for readers to recognise that the results of
the primary analysis represent overall mean differences in corti-
cospinal excitability and inhibition between ST and DT conditions
after  the intervention of an additional task. While an effect has been
demonstrated in light of this, the results of this analysis do not
provide reasons as to how or  why  these changes occur. In order
for researchers to further understand the mechanisms behind DT
interference, and why deﬁcits in DT performance occur, it is recom-
mended that DT performance, and task complexity, are correlated
to  TMS  outcomes of corticospinal excitability and inhibition. In
conducting such research it is also recommended that all feasible
measures be taken to eliminate sources of possible bias. Speciﬁcally,
TMS  methodology, randomisation, and performance bias should be
48
86 D.T. Corp et al. /  Neuroscience and Biobehavioral Reviews 43 (2014) 74–87
considered, and actions taken regarding these be more thoroughly
reported within methods.
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 CHAPTER FIVE: Methodology 
Chapters one through to four have provided a review of previous DT literature. The 
aim of this chapter is to provide the rationale for the methods used in the upcoming empirical 
studies that investigated M1 activity during dual-tasking. This includes the reasoning for the 
use of single-pulse TMS and fNIRS, and the efforts that were made to limit the influence of 
bias.  
Single-pulse TMS/EMG 
Many different methods have been used to measure brain activity during dual-tasking, 
such as EEG (Isreal et al., 1980), fMRI (Erickson et al., 2005), and magneto-
encephalography (Marti, King, & Dehaene, 2015). The primary reason that single-pulse 
TMS/EMG was preferred over such methods within the present thesis was its ability to 
measure not only excitatory, but also inhibitory responses of the M1, via MEP amplitude and 
SP duration respectively. This was advantageous because a numerous studies have 
demonstrated changes in inhibition during dual-tasking (e.g. Fujiyama et al., 2012; Sohn, 
Kang, & Hallett, 2005), and it has been shown that single-pulse TMS/EMG is better suited to 
measure inhibitory activity than other methods, such as fMRI. For example, Waldvogel et al. 
(2000) showed that during a ‘go-no go’ test, TMS could detect increased inhibitory activity 
during the ‘no-go’ signal, while fMRI showed no change in signal compared to baseline. 
Authors concluded that the metabolic demand of inhibitory cells is less in comparison to 
excitatory cells, and that when fMRI shows a blood oxygenation-level dependent (BOLD) 
signal increase, it is very likely that this represents excitatory, but not inhibitory, synaptic 
activity. Other methods, such as magnetic resonance spectroscopy, can also measure 
inhibitory activity (Goddard et al., 2001), however, TMS was comparatively cheaper, more 
accessible, and allowed us to incorporate tasks involving gross movement, such as those 
described in chapter eight.  
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As discussed in chapter one, single-pulse TMS/EMG cannot differentiate the 
contribution of cortical and subcortical processes to MEP amplitude Therefore, given the aim 
of this thesis was to measure M1 activity, initial plans involved the use of paired-pulse TMS 
in the experiment of chapter nine, which can isolate changes in activity to this region 
(McIntyre-Robinson & Byblow, 2013). This point is highlighted in the Discussion of chapter 
six, where we concluded that “the MEP evoked via single-pulse TMS cannot differentiate 
between excitability occurring at the cortical and subcortical levels.” It was therefore 
suggested that “the ‘short-interval intracortical facilitation’ protocol (using paired-pulse 
TMS) could be used to measure the activity of excitatory interneurons during DT 
performance.” Unfortunately, pilot-testing for the study of chapter nine showed that the use 
of paired-pulse TMS would have placed an unreasonable time-burden on participants; this 
would have required participants to repeat six ST and DT conditions. These testing sessions 
were already very long for participants given the use of TMS, fNIRS, and neuropsychological 
tools. Although the inability to quantify the contribution of cortical mechanisms to the MEP 
amplitude represents a limitation in the inferences that can be drawn from this measure, 
literature read after the publication of chapter six (discussed in chapter one) (Conte et al., 
2007; Takahashi et al., 2006) suggests that during attentionally demanding tasks, such as 
dual-tasking, changes in MEP amplitude as measured by single-pulse TMS/EMG are likely 
due to activity of M1 networks (see chapter one for discussion on this point). 
Bias in Dual-task Experiments 
The collection of pilot data from five participants early in the course of this PhD, 
presented in chapter three, allowed the refinement of methods in which to use TMS within 
the DT paradigm. However, through reviewing TMS literature for the subsequent systematic 
review (chapter four), a greater awareness of TMS and DT methods was acquired, and it was 
52
 realised that these pilot data may have been influenced by bias. As stated in the Preamble to 
chapter three, no data collected from the pilot study was used in chapter six for this reason. 
This experience helped to shape recommendations made in the meta-analysis of chapter four. 
In chapter four, we outlined three sources of bias present in DT studies, which we quantified 
for each of the studies included in the review (see section 2.8. Evaluation of bias): 1) the 
quality of the implementation of TMS methods; 2) non-randomisation or counter-balancing 
of ST and DT conditions; and 3) performance bias, such as unequal familiarisation between 
ST and DT conditions. As an example of how bias may have been present in our pilot study 
of chapter three, both experimenters freely described conditions as being ‘easy’ and ‘difficult’ 
to participants, perhaps introducing performance bias. In addition, we gave more 
familiarisation and training to participants in ‘difficult’, than ‘easy’ conditions, and in DT, 
than ST conditions, also possibly introducing performance bias.  
After the description of these biases in chapter four, we attempted to minimise their 
possible influence in subsequent experiments. Concerning the first source of bias, each of the 
subsequent studies in this thesis includes a TMS methodological checklist (Chipchase et al., 
2012). For the second source of bias, it was ensured that all conditions were randomised, 
while lastly, experimenters gave no indication as to the relative difficulty of any task, and it 
was ensured that equal familiarisation and training was given for all conditions. This is 
apparent in the Methods section of chapter seven: “These conditions are termed ‘easy’ and 
‘difficult’ for ease of comprehension. However, to reduce the risk of bias, experimenters did 
not refer to these conditions as easy or difficult while testing.”  
Another source of bias that could not be quantified in chapter four was confirmation 
bias. In reviewing DT literature prior to the pilot study within chapter three, most studies 
demonstrated a reduction in SP duration for the DT condition, and therefore this was 
expected prior to the pilot study. This may have caused us to unconsciously collect extra data 
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 during testing if this was not observed, and also perhaps to unconsciously exclude TMS data 
that did not confirm this expectation during data analysis. This source of possible bias was 
corrected in later chapters, where we decided on a number of MEPs to be collected prior to 
testing, and collected no more than that amount. Further, no data were excluded during 
analysis unless identified as an outlier by objective measures. For example, in chapter six, we 
classified an outlier as that with a z-score greater than 3.29 (Field, 2009). 
Investigation of Dual-task Difficulty 
Chapter four showed an overall effect for reduced M1 inhibition during dual-tasking, 
however, there was large between-study variability that could not be accounted for. Neither 
task performance nor task difficulty/complexity could be investigated due to the small 
number of studies in the meta-analysis, yet it was suggested in the Discussion that these 
factors could have influenced M1 inhibition due to changes in the level of attention required 
for more difficult DTs. This suggestion provided the basis for the study of chapter six, where 
M1 activity was compared between ‘easy’ and ‘difficult’ DTs. In addition to task difficulty, 
the experiment of chapter six also analysed correlations between DT performance and M1 
activity; explicitly recommended in the section Conclusions and recommendations, chapter 
four. This factor was then explored in greater depth in the study of chapter eight, and 
correlations between DT performance and M1 (and PFC) activity analysed again in chapter 
nine. Chapter eight and nine included an analysis of age (same participants in both chapters), 
also recommended in chapter four. The rationale for the analysis of dual-tasking and ageing 
are more extensively discussed in chapter one and chapter two. 
Continuous vs. Discrete Dual-tasks 
Chapter four also suggested that the “nature or movements of the tasks” could account 
for high between-study variability in M1 activity (Discussion section). While not elaborated 
upon in chapter four, chapter three (section Dual Task Research Using TMS) suggested that 
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 differences in M1 activity could be attributable to some studies employing short (discrete) 
DTs, and other studies employing longer (continuous) DTs (see Abbreviations and 
Nomenclature for a description of discrete and continuous DTs). Briefly, chapter three 
suggested that the reduction in M1 activity observed during a discrete DT in Poston et al. 
(2012) may have been caused by distraction from the primary task, due to the initiation of the 
secondary task. An in-depth discussion of this hypothesis is also provided in the Discussion 
of chapter six. It has previously been suggested that discrete and continuous DTs are 
processed via the same cortical mechanisms. Pashler (1994) proposed that both types of DTs 
are subject to a bottleneck in information processing, and a continuous DT may actually be 
composed of many intermittent decisions. While this is interesting line of research, 
differences between discrete and continuous DTs, and the possible effects of distraction, were 
not the aim of the present thesis. Rather, the thesis was concerned with M1 activity in 
response to two tasks processed concurrently. This is reflected in our instructions to 
participants in the Methods of chapters six and chapter eight, to attempt to perform both 
tasks equally well.  
In light of this aim, subsequent experiments did not compare discrete and continuous 
DTs, but rather continuous DTs were preferred within all DT experiments of this thesis, 
whereby tasks were performed concurrently for approximately one minute, and TMS pulses 
were applied at random intervals throughout this period. Also contibuting to the decision to 
use contnuous DTs was the greater applicability our findings would have to ‘real-world’ 
situations. An inability to perform a dual-task (DT) effectively has been identified as a risk 
factor for motor vehicle accidents (Ball & Owsley, 1991) and falling while walking in the 
elderly (Beauchet et al., 2007). These issues are discussed within the Introduction of chapter 
two. Therefore, the use of continuous DTs allowed us to better extrapolate our findings to 
these activities, given that these are also continuous in nature.  
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 The Selection of Primary Motor Tasks  
The next aspect of method considered was the specific motor tasks/movements in 
which to ask participants to undertake. As per the above rationale for continuous DTs, we 
employed a static pincer grip task for the primary motor task within chapter six, where TMS 
was delivered to the active APB muscle involved in this grip task. After completing this 
study, we decided that it was preferable to use a primary task that requires constant 
movement, because static contraction may not require a sustained level of vigilance/attention 
to the maintenance of the task. EEG studies have shown that static contraction results in a 
gradual reduction in the amplitude of frontal cortical potentials over the course of the task 
(Slobounov, Hallett, & Newell, 2004; Slobounov et al., 2002). As a result, we had to consider 
a primary motor task where we could accurately measure task performance, and one in which 
the M1 representation of the muscle performing the task could be stimulated by TMS. For the 
measurement of task performance, it was decided that an electronic goniometer could 
precisely measure a changing joint angle, and therefore a position-tracking task would be 
suitable. A tracking task also allowed the use of a sinusoidal rate of movement (see Arm 
tracking section, chapter eight) to avoid movement becoming rhythmical and automatic, and 
was therefore in accordance with our aforementioned aim of having participants maintain 
vigilance/attention throughout the task.  
The use of the arm to track position was preferred because it would have been 
difficult for participants to flex and extend the leg while seated. In addition, the opposite leg 
was required in one DT condition (foot tapping) in this study, therefore flexion and extension 
of the other leg may have produced interhemispheric inhibition (Fling et al., 2011), which 
was unrelated to the aim of this study. Hand muscles were also considered, however we 
reasoned that one minute of movement could fatigue the smaller muscles of the hand, 
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 especially within older participants. With arm movement preferred, The BB muscle was then 
the logical choice as the target muscle for TMS because it is the primary elbow flexor.  
Reliability of TMS evoked from the biceps brachii muscle representation 
A number of studies have measured TMS evoked responses from the M1 
representation of the BB muscle (Gerachshenko, Rymer, & Stinear, 2008; Kidgell et al., 
2010), however, the intrasession reliability of TMS to the BB muscle had yet to be 
empirically demonstrated. Given that all empirical studies of this thesis were within-session, 
rather than repeated measures designs, this provided the rationale for the intrasession 
reliability study of chapter seven. In addition, given that the use of the BB muscle is useful 
for fields such as stroke (Turton et al., 1996) and strength training (Kidgell et al., 2010), we 
considered this study a helpful contribution to TMS literature.  
The study of chapter seven validated the reliability of the use of the BB muscle during 
single-pulse TMS, and also for three paired-pulse TMS protocols. However, there were a 
number of limitations in extrapolating these findings to our later DT studies using the BB 
muscle (during the arm tracking task). Firstly, we did not use paired-pulse TMS in our 
subsequent studies. Paired-pulse protocols were included in chapter seven because at the 
stage of planning we intended to use these protocols in the study of chapter nine. 
Unfortunately, the length of sessions did not allow this (as explained above, this chapter, 
paired-pulse TMS would have required participants to repeat tasks). The next limitation of 
the reliability study was that a resting muscle was used, as opposed to an active, moving BB 
muscle used in the arm tracking task. While it would have been ideal to replicate the 
movement condition to be used, the computer program and the custom made chair for arm 
tracking (see Figure 1, chapter eight) had yet to be built. Therefore we could not replicate the 
arm tracking movement to be used at that time. It could be argued that demonstrating 
reliability in the BB during a static contraction would have been more relevant than a resting 
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 condition. This was considered, however the resting BB was preferred for two reasons. First, 
we concluded that static contraction was still not directly applicable to the arm tracking 
conditions of later DT studies where the arm was moving. Second, the reliability of TMS 
outcomes is higher during active muscle contraction (Darling, Wolf, & Butler, 2006; Kiers et 
al., 1993), therefore we reasoned that if reliability could be established in the BB muscle 
during less reliable resting conditions, then we could have greater confidence in the use of 
this muscle during active conditions in subsequent studies. In addition, a resting muscle is 
used in the majority of TMS studies, giving our findings greater applicability to future 
research. Unfortunately, we did not have the option of testing under both resting and active 
conditions because, given the inclusion of the aforementioned paired-pulse TMS protocols in 
this reliability study, testing sessions became very long and it was unreasonable to repeat the 
protocol in an active muscle.  
Another limitation of the study of chapter seven was the measurement of reliability 
after 10 and 20 TMS pulses per set. This is a greater number of TMS pulses than the five 
used in chapter nine. Again this was an unforeseen change at the time of planning the 
reliability study; we had planned to collect 10 TMS pulses per set in the study of chapter nine, 
however during pilot testing we discovered that trials would need to last for approximately 
two minutes for this to occur, given the 0.08Hz rate of the arm tracking task. While reliability 
was likely to be reduced with fewer TMS pulses, we accepted this compromise because a 
longer trial would increase the probability of mental and physical fatigue, especially in older 
adults. A one minute trial was therefore settled upon, allowing for five TMS pulses per 
condition. This number was considered adequate given that other studies had demonstrated 
intrasession reliability using this number (Christie et al., 2007; Doeltgen et al., 2009). In 
hindsight, the results of the reliability study were less applicable to subsequent DT studies 
than we had planned. However, the study was able to assure us that the use of the BB muscle 
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 would not result in greatly reduced reliability in comparison to the more commonly used FDI 
muscle.  
Functional Near-Infrared Spectroscopy 
As per the secondary aim of this thesis, chapter nine measured PFC and M1 activity 
concurrently to investigate the evidence for cortical pathways mediating DT performance. 
fNIRS was chosen as the preferred method in which to measure PFC activity because it could 
be used concurrently with TMS. In addition, it allowed for the participants to perform the 
range of different tasks described in chapter eight. As with fMRI, fNIRS is a method that 
measures blood oxygenation as a proxy measure of neural activity. Unlike fMRI, fNIRS can 
be carried out in a typical office setting with the participant seated normally (Villringer et al., 
1993). This allowed for the TMS coil to fit on the participant’s head over the M1, whilst 
participants preformed the tasks unrestricted. Therefore, the concurrent use of fNIRS and 
single-pulse TMS/EMG allowed us to attempt to associate the responses of prefrontal cortex 
with excitatory and inhibitory responses of the M1.  
In light of this aim to investigate relationships between PFC and M1 activity, we 
sought to have PFC activity represented by one DV; fNIRS measures relative changes in 
cerebral oxygenated (HbO) and deoxygenated haemoglobin (HbR), however if both of these 
variables were used, the number of correlations performed would have been doubled, 
increasing the chance of a type one error. Given that neural activation typically induces an 
increase in HbO and lower magnitude decrease in HbR (Obrig & Villringer, 2003), the 
haemoglobin differential (HbDiff = HbO – HbR) was used to indicate brain activation 
(Holtzer et al., 2011; Lassnigg et al., 1999; Lu et al., 2015). Although some investigators 
prefer to use only the increase in HbO to indicate cortical activation (e,g. Mirelman et al., 
2014), HbDiff was chosen as the DV in this study to also take into account HbR. Obrig and 
Villringer (2003) suggest that measures of HbO are considered most helpful when taken in 
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 conjunction with HbR, given that it is this variable that corresponds to an increase in the 
blood oxygen-level dependent (BOLD) contrast signal (Kleinschmidt et al., 1996; 
Mehagnoul-Schipper et al., 2002). Further, HbDiff was preferred over a measure of total 
haemoglobin, because some studies have shown an increase in HbO with a decrease in HbR 
of a similar magnitude, thus not producing any relevant change in total haemoglobin (Obrig 
& Villringer, 2003).  
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Introduction
The capacity to coordinate concurrent tasks, known as 
dual-tasking, is intrinsic to many tasks of daily living, 
such as playing a musical instrument, walking, and sports 
(Fujiyama et al. 2012). However, the performance of an 
additional task often produces deﬁcits in movement per-
formance (Li et al. 2010; Pellecchia 2005). For instance, 
a meta-analysis by Al-Yahya et al. (2011) demonstrated 
reduced gait speed and stride length, and increased stride 
time variability, during the performance of a concurrent 
cognitive task. An inability to perform a dual-task (DT) 
effectively has been identiﬁed as a risk factor for motor 
vehicle accidents (Ball and Owsley 1991; Owsley et al. 
1991) and falling while walking in the elderly (Beauchet 
et al. 2007; Li et al. 2010).
Prominent DT theories, such as the ‘limited capac-
ity theory’ and the ‘bottleneck theory’, suggest that per-
formance deﬁcits are a result of attentional limitations of 
the human cortex (Kahneman 1973; Tombu et al. 2011). 
A number of imaging studies have investigated the neu-
ral basis of these deﬁcits within the brain regions associ-
ated with attentional regulation (i.e. the prefrontal cortex) 
(Dux et al. 2009; Erickson et al. 2005; Tombu et al. 2011). 
However, the responses of motor regions are less well char-
acterised. We recently sought to address this problem by 
pooling studies that had used transcranial magnetic stimu-
lation (TMS) to investigate the activity of the corticospinal 
pathway during single task (ST) and DT conditions (Corp 
et al. 2014). Single-pulse TMS allows for quantiﬁcation of 
the excitatory response of the corticospinal pathway via the 
Abstract Dual-tasking is intrinsic to many daily activities, 
including walking and driving. However, the activity of the 
primary motor cortex (M1) in response to dual-tasks (DT) 
is still not well characterised. A recent meta-analysis (Corp 
in Neurosci Biobehav Rev 43:74–87, 2014) demonstrated a 
reduction in M1 inhibition during dual-tasking, yet responses 
were not consistent between studies. It was suggested that 
DT difﬁculty might account for some of this between-study 
variability. The aim of this study was to investigate whether 
corticospinal excitability and M1 inhibition differed between 
an easier and more difﬁcult dual-task. Transcranial magnetic 
stimulation (TMS) was applied to participants’ abductor pol-
licis brevis muscle representation during a concurrent pincer 
grip task and stationary bike-riding. The margin of error in 
which to maintain pincer grip force was reduced to increase 
task difﬁculty. Compared to ST conditions, signiﬁcantly 
increased M1 inhibition was demonstrated for the easier, but 
not more difﬁcult, DT. However, there was no signiﬁcant dif-
ference in M1 inhibition between easy and difﬁcult DTs. The 
difference in difﬁculty between the two tasks may not have 
been wide enough to result in signiﬁcant differences in M1 
inhibition. Increased M1 inhibition for the easy DT condition 
was in opposition to the reduction in M1 inhibition found in 
our meta-analysis (Corp in Neurosci Biobehav Rev 43:74–87, 
2014). We propose that this may be partially explained by dif-
ferences in the timing of the TMS pulse between DT studies.
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amplitude of the motor evoked potential (MEP) (Kujirai 
et al. 1993). In addition, TMS provides a measure of inhi-
bition at the site of the primary motor cortex (M1) via the 
silent period (SP), reﬂecting γ-aminobutyric acid (GABAB) 
receptor activity (Fuhr et al. 1991; Inghilleri et al. 1993) 
(termed ‘M1 inhibition’ henceforth). Corp et al. (2014) 
demonstrated that an additional task results in signiﬁcantly 
reduced M1 inhibition. However, there was a high level of 
between-study variability, and the review could not show 
the types of DTs in which these inhibitory responses were 
most likely to occur. Given that DT theories suggest that 
performance deﬁcits are attributed to increased attentional 
load (Kahneman 1973; Tombu et al. 2011), Corp et al. 
(2014) proposed that differences in difﬁculty between DTs 
may account for some variability in M1 inhibition.
In the light of this suggestion, the aim of this study was 
to measure corticospinal activity and M1 inhibition in 
response to DTs of varying difﬁculty. Two DTs were per-
formed involving identical tasks of static ﬁnger contraction 
and stationary bike-riding. However, the difﬁculty of one 
DT was increased by providing a smaller margin for error 
during static contraction. Concurrent motor tasks were 
used because ten of the 11 tasks within the meta-analysis 
of Corp et al. (2014) employed a motor/motor DT. TMS 
was used to quantify corticospinal excitability and M1 inhi-
bition in young healthy adults during ST and DT perfor-
mance. It was hypothesised that an additional task would 
result in a reduction in M1 inhibition for the DT, relative to 
the ST, conditions, as per the results of Corp et al. (2014), 
but it was unknown whether an increase in difﬁculty would 
increase or reduce this effect.
Methods
Participants
Using a repeated-measures design, all conditions were 
performed by 18 healthy adults (12 males; mean age 
28.7 ± 6.7 years; range 21–45 years; 17 right handed), who 
provided informed consent prior to participation. All forms 
and procedures were approved by the University Human 
Research Ethics Committee. A health-screening question-
naire was completed prior to testing. Participants were free 
of any medical conditions that may have compromised 
their participation.
Experimental setup and motor tasks
Participants were seated in a reclined stationary bike 
ergometer (Nautilus, USA) while holding a force trans-
ducer (AD Instruments, USA) in a pincer grip (Fig. 1). Par-
ticipants were instructed to rest the force transducer in their 
non-dominant hand, which was to remain ﬂat at all times, 
and to only grip the force transducer with the index ﬁnger 
and thumb of their dominant hand. The grip was closely 
monitored throughout testing to ensure that other ﬁngers 
did not contribute to force. Visual feedback of the pincer 
grip task was displayed on a computer monitor at approxi-
mately 1 metre from participants, with instructions to raise 
the level of contraction to a target force of 15 % of maxi-
mal voluntary contraction (MVC) in all conditions. Upper 
and lower guidelines were provided each side of target 
force within which force was to be maintained. The size of 
these guidelines was altered to manipulate task difﬁculty 
(Fig. 2; arrows and descriptions added). In ‘easy’ condi-
tions, upper and lower guidelines were placed 5 % MVC 
each side of target force (Fig. 2a), while in the ‘difﬁcult’ 
conditions, upper and lower guidelines were 1 % MVC 
each side of target force (Fig. 2b), providing a smaller tar-
get area within which to maintain force. These conditions 
are termed ‘easy’ and ‘difﬁcult’ for ease of comprehension. 
However, to reduce the risk of bias, experimenters did not 
refer to these conditions as easy or difﬁcult while testing.
TMS pulses were applied during the performance of four 
conditions presented in random order: STeasy; DTeasy; 
STdifﬁcult; and DTdifﬁcult. During ST performance, par-
ticipants were seated on the bike but did not pedal, solely 
performing either the easy or difﬁcult pincer grip task. In 
DT conditions, bike-riding was performed concurrently 
with the pincer grip task. Here, participants maintained 
their vision on the screen as in the ST condition, while con-
currently cycling at 10 revolutions per minute (rpm). A sec-
ond experimenter called out the participant’s cycling speed 
every 3 s. TMS pulses were not applied unless cycling 
speed was within 8–12 rpm. To avoid familiarity with the 
10 rpm cycling speed, participants were asked to aim for 
Fig. 1  An example of the pincer grip task, performed with the par-
ticipants’ preferred index ﬁnger and thumb
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either 20 or 30 rpm and hold that pace for 15 s after every 
5 TMS pulses. Slow cycling speeds and regular rest inter-
vals were employed to avoid muscular fatigue. Participants 
were instructed to attempt to perform both tasks equally 
well when dual-tasking.
Electromyography and transcranial magnetic 
stimulation
To improve methodological quality, a TMS checklist, 
designed for studies investigating the human motor system, 
was referred to before data collection (“Appendix”) (Chip-
chase et al. 2012).
EMG activity was recorded from surface electrodes 
(Powerlab, USA) placed over the abductor pollicis brevis 
(APB) muscle of the participant’s dominant hand. EMG 
recordings (LabPro, USA) were ampliﬁed (×1000) with 
bandpass ﬁltering between 10 Hz and 1 kHz and digitised 
at 1.5 kHz for 500 ms. A Magstim 2002 magnetic stimula-
tor with a 70-mm ﬁgure-of-eight coil (Magstim, UK) was 
used, producing a monophasic pulse shape. The coil was 
held by hand tangential to the skull with the handle pointing 
backwards and rotated at 45°. A ﬁtted cap (Easycap, Ger-
many), with pre-marked sites at 1 cm spacing, was placed 
over the participant’s head and positioned with reference to 
the nasion-inion and interaural lines (Pearce et al. 2000). 
The ‘optimal’ site of stimulation was determined by test-
ing the location at which the largest MEP could be obtained 
in the participant’s dominant APB. The optimal site was 
noted in relation to the pre-marked sites on the ﬁtted cap 
and was regularly checked to ensure that any head move-
ment during bike-riding did not shift the position of the 
TMS coil. In addition, head movement during riding was 
minimised by having participants seated with a backrest on 
the reclined bike. Active motor threshold was deﬁned as 
the stimulator intensity at which a discernible MEP could 
Fig. 2  An example of force 
control requirements for a 
‘easy’ conditions, and b ‘dif-
ﬁcult’ conditions. The shaded 
region between upper and 
lower guidelines indicates the 
area within which force had to 
be held, while the ‘grip force’ 
line provides feedback of 
participants’ actual grip force. 
Recordings are not continuous; 
the program captures a 500 ms 
block per TMS pulse (space 
within vertical bars = 500 ms). 
An example of a motor evoked 
potential and silent period is 
magniﬁed and shown inset. 
Shaded area captures 150 ms of 
electromyography activity
Grip force  
Upper and 
lower guidelines  
Grip force  
Upper and 
lower guidelines  
a
b
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be observed in at least three of ﬁve stimuli with the target 
muscle contracted at 15 % of MVC (Wilson et al. 1993). 
For all tasks, TMS stimulus intensity was set at 125 % of 
active motor threshold (Abbruzzese et al. 1999); 15 stimuli 
were delivered within each condition, totalling 60 TMS 
pulses per session. TMS pulses were applied at random 
intervals between 5 and 8 s apart, with 20 s rest after each 
ﬁve pulses, and 1-min rest between each condition.
Dual-task normalisation and comparisons 
between conditions
For all outcome measures (TMS and performance data) 
DT data were normalised to the corresponding ST condi-
tion: (DT/ST) × 100 (Bherer et al. 2008; Vallesi 2015). 
The resultant percentage is termed ‘DT ratio’ henceforth. 
Therefore, the DT ratio for the easy condition was pro-
duced using the equation: (DTeasy/STeasy) × 100, and the 
DT ratio for the difﬁcult condition was produced using the 
equation: (DTdifﬁcult/STdifﬁcult) × 100. This allowed for 
quantiﬁcation of the change in TMS or performance out-
come due to the additional task of bike-riding, under both 
easy and difﬁcult conditions. Comparison between DT 
ratio easy and DT ratio difﬁcult could then demonstrate 
whether the increased difﬁculty of the DT inﬂuenced TMS 
outcomes or task performance.
Pre-stimulus EMG
Pre-stimulus EMG activity was recorded in a block 
between 100 and 50 ms prior to the TMS pulse (Fujiyama 
et al. 2012). The root mean square of this EMG activity was 
analysed using a one-way ANOVA to investigate whether 
muscle excitability prior to the TMS pulse differed across 
the four conditions.
TMS data
MEP amplitude was quantiﬁed ofﬂine using Labchart 7 
(AD Instruments, USA) by measuring the peak-to-peak 
amplitude of the waveform and normalised to a percentage 
of each participant’s maximal M-wave response (Kidgell & 
Pearce 2010; Sugawara et al. 2005). SP duration, reﬂecting 
M1 inhibition, was measured from the onset of the MEP 
until return of EMG activity (Wilson et al. 1993).
Performance data
ST and DT performance was measured using two methods: 
(1) force variability (FV), and (2) the percentage of force 
measurements that were within the upper and lower guide-
lines (force within guidelines [FWG%]). One measurement 
of force was recorded per TMS pulse, so that 15 measures 
were obtained for each condition. FV was deﬁned as the 
standard deviation of the 15 force measurements (Sher-
wood and Schmidt 1980). The change in performance due 
to the additional task was indicated by the DT ratio of FV 
and FWG%. This is synonymous with the term ‘DT cost’ 
used in previous literature (Bherer et al. 2008; Vallesi 
2015). Force was recorded at the time of the TMS pulse, 
prior to the arrival of the evoked potential in the muscle, 
meaning that the TMS pulse did not cause a ﬂuctuation in 
the recorded force measurement.
Statistical analyses
Shapiro–Wilk and Levene’s tests, for normality and equal-
ity of variance respectively, were non-signiﬁcant (p > .05) 
for all data. To investigate whether the smaller guidelines 
did in fact increase task difﬁculty, a paired t test compared 
pooled STeasy and DTeasy conditions to pooled STdifﬁcult 
and DT conditions for FWG%. This was done for FWG% 
only because FV would likely be inﬂuenced by the differ-
ence in the size of guidelines between easy and difﬁcult 
conditions (i.e. participants could allow force to ﬂuctuate 
with wider guidelines). To investigate whether outcomes 
were inﬂuenced by the additional task, a paired t test com-
pared the DT ratio of SP duration, MEP amplitude, FV, and 
FWG% to the normalised ST value of 100. To investigate 
whether the difﬁculty of the DT inﬂuenced each of the 
aforementioned outcomes, a paired t test was used to com-
pare DT ratio easy and DT ratio difﬁcult.
Three outliers were present within performance data 
(z > 3.29) (Field 2009). To reduce the potential inﬂuence 
of these values on the results, all outliers were replaced by 
the next highest score within the data set, plus one (Field 
2009). In FV data one DT ratio of 387 % for the easy con-
dition was replaced with 191 %, and another DT ratio of 
291 % in the difﬁcult condition was replaced with 192 %. 
For the FWG% data, one DT ratio of 174 % in the difﬁcult 
condition was replaced with 119 %.
To investigate whether DT performance could predict 
DT corticospinal excitability or M1 inhibition in easy or 
difﬁcult conditions, a number of linear regression analyses 
were performed. Given the relatively small sample size, 
only univariate regression relationships were examined. 
Here, the DT ratio of MEP amplitude and SP duration was 
included as dependent variables, while the DT ratio of FV 
and FWG% was included as independent variables.
Signiﬁcance was set at p < 0.05. Mean and 95 % con-
ﬁdence intervals (CI) are presented for all data. Effect 
sizes were calculated using Cohen’s d based on differences 
(x1 − x2) between paired data; d = mean of difference/SD 
of difference (Cohen 1977). d > 0.2 was considered a small 
effect size; d > 0.5 was considered a medium effect size; 
and d > 0.8 was considered a large effect size (Cohen 1977).
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Results
Pre-stimulus EMG
ANOVA of pre-stimulus EMG demonstrated no signiﬁcant 
difference across conditions in the excitability of the target 
muscle prior to the TMS pulse, F(3, 68) = 0.05, p = 0.98.
Task performance
Pooled easy and difﬁcult conditions showed that force 
measurements deviated outside of guidelines in difﬁcult 
conditions: easy FWG% = 100 (95 % CI 100, 100) versus 
difﬁcult FWG% = 85.6 (95 % CI 81.4, 89.8); t(35) = 6.9; 
p < 0.001; d = 1.16. This demonstrates that the smaller 
guidelines had the intended effect of increasing the difﬁ-
culty of the task. FV DT ratio was 119.2 % for the easy 
condition, demonstrating a 19.3 % increase in FV with 
the additional task of bike-riding, which was margin-
ally non-signiﬁcant: (95 % CI 99.2, 139.4); t(17) = 2.02; 
p = 0.06; d = 0.47. In the difﬁcult condition the DT ratio 
was 133.9 %, demonstrating a signiﬁcant worsening in 
performance with the additional task: (95 % CI 115.8, 
152.1 %); t(17) = 3.95; p = 0.001; d = 0.93. However, 
a signiﬁcant difference in DT ratio was not observed 
between easy and difﬁcult conditions: mean difference 
(easy–difﬁcult) = −14.7 % (95 % CI = −38.6, 9.3 %); 
t(17) = −1.29; p = 0.21; d = 0.31.
Each participant successfully maintained force within 
upper and lower guidelines at all times in easy conditions, 
resulting in FWG% of 100 % for both ST and DT condi-
tions and therefore a DT ratio of 100. For the STdifﬁcult 
condition, 87.8 % of data points were within guidelines, 
compared to 83.4 % for DTdifﬁcult. The mean DT ratio for 
FWG% was 94.7 %, meaning that in the difﬁcult condition, 
on average, the additional task resulted in a 5.3 % reduc-
tion in FWG% performance: (95 % CI 87.8, 101.7 %); 
t(17) = 1.58; p = 0.13; d = 0.38). The t test for FWG% DT 
ratio between easy and difﬁcult conditions yielded an iden-
tical result given that the FWG% DT ratio in the difﬁcult 
condition was compared to 100 in both cases (given that 
there was no error in FWG% in easy ST or DT).
Corticospinal excitability
There was no signiﬁcant change in MEP amplitude due 
to the additional task for either easy conditions, DT 
ratio = 101.7 % (95 % CI 87.7, 115.6 %); t(17) = 0.249; 
p = 0.81; d = 0.06, or difﬁcult conditions, DT 
ratio = 103.3 % (95 % CI 91.6, 114.9 %); t(17) = 0.593; 
p = 0.56; d = 0.14. In addition, there was no difference 
in DT ratio between easy and difﬁcult conditions: mean 
difference (easy–difﬁcult) = −1.6 % (95 % CI −17 to 
13.7 %); t(17) = 0.22; p = 0.83; d = 0.05.
M1 inhibition
For the easy condition, there was a signiﬁcant increase in 
SP duration due to the additional task of bike-riding: DT 
ratio = 103.7 % (95 % CI 100.2, 107.2 %); t(17) = 2.26; 
p = 0.037; d = 0.53. This effect was not present under 
difﬁcult conditions: DT ratio = 101.6 % (95 % CI 98, 
105.1 %); t(17) = 0.93; p = 0.36; d = 0.22. However, 
there was no signiﬁcant difference in the DT ratio between 
easy and difﬁcult conditions: mean difference (easy–difﬁ-
cult) = 2.16 % (95 % CI −2.4, 6.7 %); t(17) = 1; p = 0.33; 
d = 0.24. Figure 3 shows that under the easy condition, 14 
of the 18 participants demonstrated an increase in absolute 
SP duration with the additional task, compared to 10 of 18 
participants in the difﬁcult condition.
Relationship between TMS outcomes and performance
Results of regression are presented in Fig. 4. Figure 4a 
shows the relationship between FV and dependent varia-
bles of MEP amplitude (top row) and SP duration (middle 
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Fig. 3  Absolute changes in silent period duration from single-tasking to dual-tasking for each participant
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row). In Fig. 4a, easy and difﬁcult conditions are com-
pared between left and right columns. Figure 4b shows 
the relationship between FWG% and dependent variables 
of MEP amplitude and SP duration (bottom row). Only 
the difﬁcult condition is presented in Fig. 4b as regres-
sion could not be performed on the DT ratio for FWG% 
in the easy condition because 100 % of ST and DT data 
was within guidelines. Neither FV nor FWG% signiﬁ-
cantly predicted MEP amplitude or SP duration; however, 
small negative effects that approached signiﬁcance were 
observed between FV and MEP amplitude, and FV and 
SP duration.
Discussion
The primary ﬁnding of this study was M1 inhibition 
increased with an additional task under the easy, but not 
difﬁcult DT condition. However, no signiﬁcant difference 
was detected in the DT ratio of M1 inhibition between easy 
and difﬁcult conditions. This would suggest that the large 
between-study variability in M1 inhibition in Corp et al. 
(2014) cannot be attributed to differences in DT difﬁculty. 
However, the difference in DT ratio (or DT cost) of per-
formance was not signiﬁcant between easy and difﬁcult 
conditions. This suggests that gap in difﬁculty between the 
F(1,17) = 2.09 
R2 = 0.115 
p = 0.17 
F(1,17) = 0.49 
R2 = 0.03 
p = 0.5
  F(1,17) = 3.72 
  R2 = 0.188 
  p = 0.07 
F(1,17) = 0.37 
R2 = 0.02 
p = 0.55
  F(1,17) = 0.02 
  R2 = 0.002 
  p = 0.88
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R2 = 0.03 
p = 0.5
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b
Fig. 4  Relationship between TMS outcomes of motor evoked poten-
tial amplitude (MEP) and silent period duration (SP) (y-axes), and 
performance outcomes of force variability (FV) (a) and force within 
guidelines % (FWG%) (b) (x-axes). Easy and difﬁcult conditions 
are identiﬁed within the bottom left corner of each graph. Each data 
point shows the change in the aforementioned outcomes from the 
normalised ST value of 100, via the DT ratio: (DT/ST) × 100
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two DTs may not have been sufﬁcient to produce signiﬁ-
cant changes in corticospinal excitability or M1 inhibition. 
Further, a small effect size for greater M1 inhibition in the 
easy DT than the difﬁcult DT suggests the effect of DT dif-
ﬁculty could be worth exploring further. A novel ﬁnding of 
this study was that, in opposition to the effect found in the 
meta-analysis of Corp et al. (2014), dual-tasking resulted in 
an increase in M1 inhibition.
The effect of dual-tasking on corticospinal excitability
No change in corticospinal excitability with dual-tasking 
is consistent with the meta-analysis of Corp et al. (2014). 
This may be due to one of two reasons. First, the cortex 
may adapt to an additional task by preferentially modulat-
ing inhibitory, but not excitatory neurons within the M1. 
In support of this, McIntyre-Robinson and Byblow (2013) 
showed no evidence that M1 excitatory interneurons medi-
ated isodirectional hand and foot movement. However, 
it should be noted that the hand was at rest in this experi-
ment and therefore not a true DT. Alternatively, dual-task-
ing may be regulated by both inhibitory and excitatory 
processes within the M1, but single-pulse TMS can only 
detect changes in M1 responses (caused by dual-tasking) 
occurring within inhibitory networks. This may be because 
single-pulse TMS measures inhibition occurring intracorti-
cally, via SP duration (Inghilleri et al. 1993), whereas the 
MEP measures the excitability of the entire corticospinal 
pathway. Therefore, the MEP evoked via single-pulse TMS 
cannot differentiate between excitability occurring at the 
cortical and subcortical levels (Hess et al. 1986). In order to 
answer this question, the ‘short-interval intracortical facili-
tation’ protocol (using paired-pulse TMS) could be used to 
measure the activity of excitatory interneurons during DT 
performance.
Does an additional task increase or decrease M1 
inhibition?
Corp et al. (2014) observed a signiﬁcant reduction in M1 
inhibition for DT conditions across pooled studies. How-
ever, contrary to our hypothesis, the present study demon-
strated a signiﬁcant increase in M1 inhibition (in the easy 
condition). Momentarily putting aside the inﬂuence of DT 
difﬁculty, this result suggests that reduced M1 inhibition 
may not be a typical response across all DT conditions, as 
suggested by Corp et al. (2014).
It is possible that the reduction in M1 inhibition 
observed in the review by Corp et al. (2014) could be 
explained by a methodological feature of approximately 
half of the included studies that investigated M1 inhibi-
tion. TMS involves a rapid pulse delivered at a distinct time 
point. As a result, the time at which the M1 inhibition is 
measured differed between these DT studies. In three stud-
ies (Sohn et al. 2005; Tazoe et al. 2007a, b) reviewed by 
Corp et al. (2014), investigators used software to trigger 
the TMS pulse at the initiation of EMG activity of the sec-
ond task/movement (with the primary task held statically 
prior to this second movement). In a fourth study, the pulse 
was applied approximately 1–1.5 s after the initiation of 
the second movement (Poston et al. 2012). Each of these 
studies demonstrated reduced M1 inhibition with the addi-
tional task. Conversely, in the studies reviewed by Corp 
et al. (2014) where the pulse was not applied at the initia-
tion of the second task, but rather during continuous per-
formance of both tasks (as in the present study) (Fujiyama 
et al. 2009, 2012), the DT resulted in an increase in M1 
inhibition (excluding analyses involving older populations). 
Increased M1 inhibition was also demonstrated in a recent 
study also using continuous DTs (Holste et al. in press). 
Therefore, four studies have used the triggering TMS pulse 
DT method and four the continuous DT method, with 
divergent results in M1 inhibition between them.
We propose that the initiation of the second task could 
distract participants from the primary motor task. Electroen-
cephalography studies have shown that the initiation of ﬁnger 
movement likely requires greater attentional demand, demon-
strated by a sharp rise in frontal cortical potentials, than the 
maintenance of movement (Slobounov et al. 2002, 2004). 
This distraction could reduce M1 inhibition due to a reduced 
projection to, and therefore activation of, GABAergic M1 
neurons mediating the primary motor task, given that the per-
formance of a motor task is dependent on not only excitatory, 
but also inhibitory neurons (Classen et al. 1997). DT studies 
have previously demonstrated reduced M1 activity with the 
addition of a secondary, distractor task (Johansen-Berg and 
Matthews 2002; Master and Tremblay 2009).
Conversely, the increased inhibition demonstrated dur-
ing continuous DT performance, as in the present study, 
could reﬂect an attempt by the inhibitory system to stabi-
lise motor action. Dual-tasking often results in less stable 
motor performance of the primary motor task (Fujiyama 
et al. 2009, 2012; Holste et al. in press), also evidenced here 
by increased FV for DT conditions. Therefore, the input to 
GABAergic neurons within the M1 may be upregulated in 
an attempt to minimise this movement error. In support of 
this suggestion, a loss M1 GABAergic inhibition associated 
with focal task dystonia has previously been shown to result 
in imprecise ﬁne motor performance (Ridding et al. 1995).
Does DT difﬁculty inﬂuence M1 inhibition?
The present study demonstrates a signiﬁcant increase in 
the DT ratio of M1 inhibition in the easy, but not difﬁcult 
condition, but shows no signiﬁcant differences in M1 inhi-
bition between these conditions. Despite non-signiﬁcance, 
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there was a small effect size for greater M1 inhibition in the 
easy, than difﬁcult, DT condition. For dual-tasking in the 
more difﬁcult condition, it could be that there was lower 
upregulation in M1 inhibition in comparison with the easy 
condition (see Fig. 3) because greater attentional demand 
rendered participants less able to activate M1 GABAergic 
networks. Fujiyama et al. (2012) previously demonstrated 
reduced M1 inhibition in older adults who exhibited poor 
concurrent hand and foot coordination, and suggested that 
the inability to regulate inhibitory processes may underlie 
age-related degradation of DT performance. Although the 
present study involved younger adults only, it could be that 
task demand became too great to upregulate M1 inhibition, 
as suggested to occur within the older group of Fujiyama 
et al. (2012).
Seemingly counter to this suggestion however, younger 
adults in Fujiyama et al. (2009, 2012) demonstrated an 
increase in M1 inhibition in the most difﬁcult coordina-
tion condition (concurrent movement in opposite direc-
tions, i.e. upward movement of the hand, downward move-
ment of the foot). However, these authors suggested that 
M1 inhibition was upregulated in this condition in order to 
suppress regression into the more automatic isodirectional 
movement pattern. Therefore, the increase in M1 inhibi-
tion in this condition may be due to this speciﬁc move-
ment pattern, rather than task difﬁculty per se. Similarly, 
Byblow et al. (2007) demonstrated that a downregulation 
of short-intracortical inhibition (SICI) facilitates movement 
of the hand and foot in the same (i.e. isodirectional) direc-
tion. Future research should compare the effect of difﬁculty 
between DTs with identical movement patterns, as in the 
present study.
Relationship between TMS outcomes and performance
Figure 4a shows that, for the easy condition, there was a 
small negative effect in the relationship between FV and 
both dependent variables of MEP amplitude and SP dura-
tion (left column, top and middle row). While neither of 
these relationships reached signiﬁcance, this seems to 
suggest that that worse DT performance could result in a 
reduction in corticospinal excitability and inhibition due to 
attentional interference. However, it should be noted that 
in this easy condition all participants’ FWG% was 100 % 
(i.e. without error). Therefore, it seems unlikely that these 
trends are caused by attentional interference. Further, both 
of these regressions seem to be inﬂuenced by four partici-
pants who had excessively high FV. Again, however, this 
poor performance does not seem to reﬂect attentional inter-
ference due to excessive task demand, because the mean 
DT ratio of FV of these four participants improved under 
difﬁcult conditions (187.3 ± 37.5 easy vs. 154.1 ± 33.9 
difﬁcult). It could be speculated that these four partici-
pants allowed the additional task to reduce their attention 
to the primary, pincer grip task, because they were still able 
to maintain force within the guidelines. This reduction in 
attention to the primary task could have reduced the activa-
tion of M1 structures.
Conclusions
An increase in M1 inhibition was present for dual-tasking 
under easy, but not difﬁcult conditions. A small effect size 
was present for a greater upregulation in M1 inhibition for 
the easy, compared to difﬁcult DT; however, this effect was 
not signiﬁcant. Future studies could widen the difference in 
difﬁculty between DTs or include more than two conditions 
to investigate a possible dose–response relationship. While 
the effect of difﬁculty could be further explored in this way, 
it seems that other factors could account for a greater pro-
portion of between-study variability in M1 inhibition. We 
suggest that the timing of the TMS pulse in relation to the 
initiation of the second task could partially explain diver-
gent responses in M1 inhibition in DT studies.
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Appendix
Were the following participant  
factors
Reported? Controlled?
Age of subjects ✓
Gender of subjects ✓
Handedness of subjects ✓
Subjects prescribed  
medication
✓
Use of CNS active drugs  
(e.g. anti-convulsants)
✓
Presence of neurological/ 
psychiatric disorders when  
studying healthy subjects
✓
Any medical conditions ✓
History of speciﬁc  
repetitive motor activity
ᅞ
Were the following  
methodological factors
Position and contact  
of EMG electrodes
✓
Amount of relaxation/ 
contraction of target muscles
✓
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Were the following participant  
factors
Reported? Controlled?
Prior motor activity of the  
muscle to be tested
ᅞ
Level of relaxation of muscles  
other than those being tested
✓
Coil type (size and geometry) ✓
Coil orientation ✓
Direction of induced current  
in the brain
✓
Coil location and stability  
(with or without a  
neuronavigation system)
✓
Type of stimulator used  
(e.g. brand)
✓
Stimulation intensity ✓
Pulse shape (monophasic  
or biphasic)
✓
Determination of optimal hotspot ✓
The time between MEP trials ✓
Time between days of testing N/A
Subject attention (level of arousal)  
during testing
✓
Method for determining threshold 
(active/resting)
✓
Number of MEP measures made ✓
Paired pulse only: Intensity of  
test pulse
N/A
Paired pulse only: Intensity  
of conditioning pulse
N/A
Paired pulse only:  
Inter-stimulus interval
N/A
Were the following analytical  
factors
Method for determining  
MEP size during analysis
✓
Size of unconditioned MEP N/A
Checklist designed by Chipchase et al. (2012)
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We present this ﬁrst report of the use of TNS for GAD. Some
study limitations, however, should be acknowledged. Our ﬁndings
are based on a single case study, and thus have limited generaliz-
ability. As well, there was no control condition. Nonetheless, these
encouraging results should be seen as hypothesis-driving for
further controlled, randomized trials exploring the impact of TNS
in the treatment of anxiety disorders.
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Intrasession Reliability of
Single and Paired Pulse TMS
Evoked From the Biceps
Brachii Representation of the
Human Motor Cortex
Dear Editor,
Single and paired pulse transcranial magnetic stimulation
(TMS) is an established method that can measure corticospinal in-
hibition and facilitation in healthy individuals, and those with
neurological conditions [1]. Magnetic stimulation of the motor
cortex results in a motor evoked potential (MEP), which are
most often evoked from hand muscle representations, likely
because of their high density of corticospinal projections [2]. How-
ever, investigations using other motor representations, such as the
biceps brachii (BB), have proven valuable. For example, with
stroke sufferers experiencing poorer functional outcome in distal
than proximal muscles, the analysis of TMS responses measured
from the BB muscle has become a valuable tool to assess motor
reorganization and recovery [3]. Although the BB is perhaps the
most commonly used target muscle of the upper arm, the reli-
ability of outcomes measured from this muscle has yet to be estab-
lished; to the authors’ knowledge, only two studies have
investigated the reliability of single pulse TMS measured from
the BB, and their results have differed: Kamen [4] demonstrated
higher BB reliability in comparison to a muscle of the hand, while
Brasil-Neto, McShane [5] showed reduced BB reliability compared
to a target muscle within the hand. The present study investigated
the intrasession reliability of MEP amplitude and latency using the
BB muscle of 14 healthy participants (4 females, mean age
29.6 6.7 years, 13 right handed), in comparison to those obtained
from the ﬁrst dorsal interosseous (FDI) muscle. Intrasession reli-
ability is important to determine given that many investigations
using TMS take place over a single testing session, such as those
measuring corticospinal excitability immediately following an
intervention of repetitive TMS [6], or transcranial direct current
stimulation [7].
Data were recorded from the resting muscle under conditions
of single pulse TMS and three paired pulse protocols of SICI,
SICF, and ICF (see Table 1 for abbreviations). Within each TMS pro-
tocol, two sets of 10 MEPs were collected, totaling 80 MEPs per
session. Participants returned on a subsequent session, separated
by between one and 14 days, for testing of the different muscle.
The testing order of muscles was counterbalanced, and the order
of TMS protocols was randomized. For both muscles, electromyog-
raphy activity was recorded using surface electrodes (Powerlab,
USA) placed over the participant’s dominant hand/arm. AMagstim
2002 monophasic stimulator (Magstim Co, UK) was used. A 70 mm
ﬁgure-of-eight coil was held by hand with the handle pointed
backward and rotated at 45. Resting motor threshold (RMT)
was deﬁned as the stimulator intensity at which an MEP >50 mV
was observed in at least ﬁve of ten stimuli. A conditioning stim-
ulus of 80% RMT and test stimulus of 125% RMT were used for
SICI and ICF protocols, with an interstimulus interval of 2 ms
and 12 ms respectively. For the SICF protocol, an initial stimulus
was applied at 125% RMT, followed 1.3 ms later by a stimulus at
80% RMT. MEP amplitude was deﬁned by peak-to-peak measure-
ment of the waveform. MEP latency was measured by visual in-
spection and deﬁned as the interval from the TMS pulse to the
onset of the MEP [8]. Intraclass correlation coefﬁcient (ICC) was
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used to measure between-set reliability, with the mean value of
two sets of 10 MEPs compared within each TMS protocol. Portney
and Watkins [9] suggest the following interpretation of ICC:
<0.50 ¼ poor reliability; 0.50e0.75 ¼ moderate reliability;
>0.75 ¼ high reliability.
Coefﬁcient of variation (CV) was used to measure the reliability
of data within sets. For MEP amplitude, a paired t-test was used to
compare CVs between muscles after both 10 and 20 MEPs. A
paired t-test was performed between mean CV after 10 and 20 re-
sponses to assess whether reliability increased with additional
data. For MEP latency, a paired t-test was used to compare CVs be-
tween muscles after 20 MEPs of single pulse TMS. Signiﬁcance was
set at P < .05. All data is expressed as mean (m) and standard de-
viation (). Interrater reliability was computed for MEP amplitude
within all TMS protocols, and was >0.95 in all cases. Therefore
only one investigator’s results (DC) were analyzed statistically.
Results are summarized in Table 1. For three participants, SICI re-
sponses from the BB muscle were considered suppressed (mean
amplitude <50 mV), and their SICI data was excluded. These partic-
ipants’ SICI data were also excluded from the FDI muscle analysis to
ensure accurate comparisons between muscles. ICCs were high for
all TMS protocols, for both muscles. CV was signiﬁcantly higher in
the BB than the FDI muscle for the SICF protocol after 10MEP pulses
(t1,13 ¼ 2.72; P ¼ .018). However, this difference was no longer sig-
niﬁcant after 20 MEPs. There were no other signiﬁcant differences
between muscles. CV was not reduced (i.e. reliability improved)
with an additional 10 pulses collected for any of TMS protocol, for
either muscle. ICCs of MEP latency for both the FDI and BB muscle
were high. CVwas signiﬁcantly higher in the BBmuscle than the FDI
muscle (t1,13 ¼ 2.9; P ¼ .013), demonstrating greater between-
pulse reliability for the FDI muscle.
These results demonstrate that reliability of MEP amplitude
and latency is high when measured from the BB muscle. Generally
however, reliability was higher again in the FDI muscle. These re-
sults are in agreement with Brasil-Neto, McShane [5], but differ to
Kamen [4], who demonstrated higher BB reliability than from a
muscle of the hand. This discrepancy is likely due to the fact
that Kamen [4] measured responses between days. Malcolm,
Triggs [10] suggest that hand muscles are more subject to ﬂuctu-
ations in corticospinal excitability as a result of daily motor activ-
ities, such as typing and other ﬁne motor tasks, and these
ﬂuctuations can subsequently reduce intersession reliability.
While intrasession reliability seems to be slightly higher when
measured from hand muscles, these results nevertheless demon-
strate high intrasession reliability of single and paired pulse TMS
using the BB muscle. Researchers can be conﬁdent in using the
BB as a target muscle when employing a standard TMS protocol
of 10 MEPs per set of data.
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Table 1
Reliability of MEP amplitude and latency within FDI and BB muscles.
FDI BB
Single SICI SICF ICF Single SICI SICF ICF
MEP amplitude ICC 0.987 0.953 0.94 0.952 0.882 0.766 0.767 0.986
CV10 0.4  0.19 0.63  0.21 0.36  0.22 0.48  0.21 0.41  0.19 0.6  0.45 0.5  0.3a 0.41  0.18
CV20 0.41  0.19 0.61  0.13 0.43  0.27 0.5  0.21 0.44  0.12 0.53  0.27 0.52  0.21 0.44  0.17
MEP latency ICC 0.952 0.928
CV20 0.026  0.012 0.04  0.012a
FDI ¼ ﬁrst dorsal interosseous; BB ¼ biceps brachii; Single ¼ single pulse TMS; SICI ¼ short interval intracortical inhibition; SICF ¼ short interval intracortical facilitation;
ICF ¼ intracortical facilitation; MEP ¼ motor evoked potential; ICC ¼ intraclass correlation coefﬁcient; CV10 ¼ coefﬁcient of variation after 10 MEPs; CV20 ¼ coefﬁcient of
variation after 20 MEPs.
a Denotes a signiﬁcant difference between muscles within the corresponding TMS protocol.
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 CHAPTER EIGHT: Dual-task Performance is Dependent on Task Type; 
Support for a Multiprocessor Theory of Attention 
The following chapter was submitted to Psychology and Aging on 1st April 
2016. Within this chapter, and chapter nine, tables and figures have been inserted into 
the manuscript for ease of reading. This chapter reports the performance results 
during dual-tasking within 15 younger and 15 older adults. Chapter nine reports the 
associated brain activity data collected during the same experiment. 
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DUAL-TASK PERFORMANCE DEPENDENT ON TASK TYPE  
Abstract 
Many activities of daily life require the performance of concurrent activities, 
known as dual-tasks (DT), such as walking whilst talking. However, there is still 
much debate regarding the attentional mechanisms of DT processing. This study used 
behavioural data to investigate models of DT processing within the brain, including 
limited capacity, and bottleneck theories. Participants performed visuomotor arm 
tracking as the primary task, and additional tasks varied so that performance could be 
compared over different DT difficulties, and DT types, within both younger and older 
adults. Results demonstrated a plateau in DT performance decrements for the most 
difficult DT condition. In addition, the level of age related deficit in DT performance 
was similar across tasks, independent of difficulty. We suggest that such results do 
not agree with a limited capacity model of attention. The analysis of DT type revealed 
the highest deficits in DT performance for the motor/motor DT, suggesting that the 
extent of deficits in processing produced by bottlenecks may dependent on task 
similarity. Further, DT performance for individuals was task dependent, with 
performance uncorrelated across the different types of DTs. We suggest that these 
results best support a multiprocessor theory, where attention is comprised of a number 
of independent processors in the human brain.  
 
Keywords: dual-task; performance; attention; multiprocessor theory 
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Introduction  
Humans are required to perform concurrent tasks during many activities of 
daily life, including walking whilst talking, and driving (Fujiyama et al., 2012). Many 
studies using the dual-task (DT) method to re-create such activities have shown that 
addition of a secondary task causes deficits in motor and/or cognitive performance 
(Blanco et al., 2006; Lindenberger, Marsiske, & Baltes, 2000). However, DT research 
has yet to fully elucidate the attentional mechanisms underpinning these performance 
deficits, with recent studies still citing competing theories when explaining how the 
human brain is limited in performing a DT (e.g. Bergamin et al., 2014; Vaportzis et 
al., 2014). Some authors have suggested a ‘limited capacity’ of attentional resources, 
whereby deficits occur in DT performance if the attention required for two tasks 
exceeds capacity (Kahneman, 1973; Woollacott & Shumway-Cook, 2002). More 
recent evidence suggests that attention may be constrained by ‘bottlenecks’ in 
information processing, whereby delays in processing occur if a concurrent task 
requires the use a common neural mechanism (Dux et al., 2009; Tombu et al., 2011). 
However, there is also debate as to the possible nature of this bottleneck. Some 
authors suggest an amodal (across all types of tasks) neural mechanism that may be 
required for central stages of decision-making, such as response selection. Therefore a 
bottleneck occurs given that both tasks require the use of this mechanism during task 
processing (Pashler, 1994; Tombu et al., 2011). This hypothesis is largely based upon 
the observation of processing delays existing across a range of different DTs, such as 
those involving sensory and motor tasks (Brebner, 1977), or motor and vocal tasks 
(Pashler, 1990). 
Other authors propose a ‘multiprocessor’ theory, whereby attention is 
comprised of a series of independent processors (e.g. a motor information processor, 
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an auditory information processor) (Schumacher, Elston, & D'esposito, 2003). This 
theory is largely based on the observation that DT performance deficits can be 
minimal for DTs of different modalities (e.g. concurrent motor and verbal tasks), but 
amplified for within-modality DTs (e.g. concurrent motor/motor tasks), with the 
reasoning that such tasks would require the concurrent use of a single (i.e. motor) 
processor (Allport, Antonis, & Reynolds, 1972; Mcleod, 1977). However, Pashler 
(1990) demonstrated that some of the deficits in DT performance for within-modality 
DTs could be accounted for by a methodological feature inherent to speeded DTs 
(where two rapid responses are given), namely that the response order of these tasks 
was variable in previous studies, causing delays. Pashler (1990) therefore concluded 
that once these factors are corrected, results are indicative of a ubiquitous single-
channel bottleneck that may be a fundamental characteristic of human mental 
processes.  
While there have been many advances in DT research since these behavioural 
studies were conducted, to the authors knowledge, it has yet to be confirmed whether 
within-modality responses produce greater deficits in DT performance, suggesting 
multiple processors for attention dependent on tasks. Dux et al. (2009) recently 
identified cortical activity suggestive of a specific bottleneck in information 
processing in one region of the prefrontal cortex (inferior frontal junction). However, 
authors noted that only one type of DT was investigated, and it remained to be seen 
whether a specific bottleneck generalised to other divided-attention tasks, including 
those occurring for within-modality DTs. 
The main aim of the present study was to use behavioural data to test theories 
of processing bottlenecks during DT performance. On one hand, a bottleneck may 
occur because a single mechanism is required for central stages of processing, 
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independent of task. On the other hand, parallel processing might be possible (as per a 
multiprocessor theory of attention), but bottlenecks occur where the same attentional 
processor is required for within-modality DTs. To test these theories, an analysis of 
DT type was conducted, where motor/motor DT performance was compared with 
other types of DTs involving n-back, and verbal fluency tasks. We hypothesised that 
DT performance would be similar across each DT type as per the suggestion of a 
single mechanism required for central stages of processing, independent of task. 
Importantly, these DTs were ‘continuous’ (lasting one minute), to test the 
aforementioned suggestion of Pashler (1990) that increased within-modality DT 
deficits are produced by factors inherent to speeded DTs. Next, also in regards to our 
main aim, we used correlation to measure whether individuals performed similarly 
across the five DT conditions, or whether DT performance was variable across DT 
types. We hypothesised that, in line with the suggestion that a single mechanism is 
required for central stages of processing across all types of tasks, an individual who 
performs well on one type of DT would also perform well on others. In contrast, 
variable DT performance could suggest that independent attentional mechanisms 
mediated different types of tasks.  
Prior to the main analyses of the study, an initial analysis was conducted on 
DT difficulty to investigate the possible existence of a limited capacity theory of 
attention. If DT performance relied on a finite capacity of attention, deficits in DT 
performance should increase with difficulty, as this capacity is presumably exceeded 
(Logie et al., 2004).  
Further to all tests being conducted within healthy young adults, an older 
group was included to investigate whether, and to what extent, DT performance was 
impaired due to age. This investigation was important in light of findings showing a 
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relationships between poorer DT performance and heightened risk of fall in older 
adults (Beauchet et al., 2007). We hypothesised greater DT costs for older adults 
across all DTs, as per previous results (Hartley, 2001; Vaportzis, Georgiou-
Karistianis, & Stout, 2013). 
Methods 
Participants  
Using a repeated-measures design, all conditions were performed by 30 healthy adults 
who provided informed consent prior to participation. The group was split into 15 
younger (9 males; mean age 27.7 ± 3.1; range 21 – 35 years) and 15 older adults (9 
males; mean age 65.2 ± 3.9; range 58 – 73 years). Sample size was based on two 
publications demonstrating age-related differences in DT performance (Fujiyama et 
al., 2009; Fujiyama et al., 2012). All participants were considered right handed (as 
measured by the Edinburgh handedness questionnaire, Oldfield, 1971) to ensure that 
they would perform arm tracking with their dominant arm (see Arm tracking section 
for information on custom-made chair). A mini-mental state examination (MMSE) 
was administered before each session. All participants were above the cut-off for 
cognitive impairment (24) as assessed by this tool (Crum et al., 1993) (younger mean 
= 29 ±1.3; older mean = 28.3 ± 1.5). In addition, the test of premorbid functioning 
from the Weschler Adult Intelligence Scale (Wechsler, 2008) showed that younger 
and older groups were matched in estimated IQ: 109.8 ± 8.2 and 110.6 ± 8.3, 
respectively (p > 0.05). A health-screening questionnaire was completed prior to 
testing. Participants were excluded if they had: hearing or vision impairments; a 
history of traumatic brain injury - deemed as one injury causing loss of consciousness 
for >30 minutes, or five injuries causing loss of consciousness; any previous 
neurological condition (e.g. stroke); or any other motor impairment or injury that may 
86
DUAL-TASK PERFORMANCE DEPENDENT ON TASK TYPE  
affect the performance of the motor tasks. All forms and procedures were approved 
by the University Human Research Ethics Committee.  
Experimental Setup and Tasks 
 Overview of experiment. Participants performed 11 conditions in quasi-
random order, with the presentation of ST and DT conditions alternated. Each 
condition lasted for one minute. These conditions consisted of six ST conditions 
(control conditions) and five DT conditions (experimental conditions) made up of the 
tasks described in the section ‘Tasks’. With ‘arm tracking’ as the primary task, DT 
conditions comprised the addition of each secondary task. Therefore, the five DT 
conditions were: 1) arm-tracking + n-back 1; 2) arm-tracking + n-back 2; 3) arm-
tracking + n-back 3; 4) arm-tracking + foot tapping; and 5) arm-tracking + verbal 
fluency. Each task was also performed individually totalling six ST conditions. 
Participants were instructed to attempt to perform both tasks equally well when dual-
tasking.  
 Task familiarisation. Prior to testing, participants were given an explanation 
and period of familiarisation for each of the tasks. Familiarisation stages for all n-
back (nb) levels were pre-programmed, lasting 30 seconds. Foot-tapping and verbal 
fluency conditions were also practiced for approximately 30 seconds. Training was 
given under both ST and DT conditions as recommended by Corp et al. (2014). We 
intended to limit any effects of practice, therefore this period was only so long as to 
allow understanding of the tasks for participants; familiarisation was only repeated if 
the participants did not understand the tasks. No feedback of ST or DT performance 
was provided to participants or experimenters during testing. 
Tasks.  
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Arm tracking. Participants were seated in a custom-built chair seated 
approximately one metre from a computer screen (see Figure 1a). The position of the 
arm was standardised across participants by using an adjustable bar, held from below, 
which could be moved depending on the participant’s arm length. An electronic 
goniometer (Biometrics, Ltd., UK), used to measure the angle of the elbow joint, was 
applied to the outer arm. The upper end of the goniometer was fixed (using tape) to 
the lateral side of the upper arm, approximately half way between the elbow and 
shoulder joint, and the bottom end of the goniometer was fixed on the lateral portion 
of the radius, with the arm supinated at 90º. Elbow angles were normalised for each 
participant and calibrated in the software, with full comfortable extension for each 
participant corresponding to 0º, and 90º being a true 90º angle as measured by a hand-
held goniometer.  
The electronic goniometer communicated with a custom-built computer 
program (LabVIEW, National Instruments, U.S.A.), which showed the arm tracking 
task on the computer screen. Participants were presented with a marker on the screen 
that moved according to the movement of the elbow joint (elbow flexion = marker 
moved upward; elbow extension = downward). Their task was to track a second 
‘target’ marker moving up and down the screen at a rate that varied sinusoidally. The 
rate of the wave of the target marker was 0.08Hz, with an upper speed of 30º per 
second at the middle of the movement, and a lower speed of 0º at the top and bottom 
of the movement. The custom-built computer program sampled the position of the 
target marker, and the participant controlled marker at a rate of 1000Hz (i.e. 60,000 
data points each marker per one minute trial). Thus, the program could precisely 
measure the error between target, and actual, elbow joint angle (see Performance 
data section). It was considered important to use a variable rate for the target marker 
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wave so tracking would not become rhythmic and automatic, but would instead 
require sustained vigilance. Participants were instructed to keep their vision on the 
screen at all times during ST and DT conditions involving arm tracking. When 
participants verbally informed the experimenter that they were ready, the 
experimenter pressed a button to start the task, and after one minute pressed another 
button to stop data collection. 
In DT trials (which all involved arm tracking as the primary task) participants 
were started on the arm tracking task approximately five seconds before the 
secondary task to provide a period of adjustment. This was done because pilot testing 
showed large initial error when both tasks were started simultaneously. Only after this 
period did the experimenter press the button to start the one minute of data collection.  
n-back task (Kirchner, 1958). Three levels of nb difficulty were included: n-
back 1 (nb1), n-back 2 (nb2), and n-back 3 (nb3), each performed separately for one 
minute. The task was exclusively auditory (no visual stimuli; single-task nb only) and 
developed by modification of the script described in Jaeggi et al. (2010) (Inquisit, v4, 
Millisecond Software, USA). A separate laptop played the sequence of letters through 
earphones worn by participants (see Figure 1b). Eight letters (c, h, k, l, q, r, s, t) were 
used. 20 letters were read per trial with an inter-stimuli interval of three seconds. 
Participants held a wireless computer mouse in their left hand connected to the laptop 
via bluetooth, and clicked the mouse to indicate a target letter (see Figure 1b). 30% of 
the letters were targets. Non-targets required no response; therefore if the mouse was 
clicked in response to non-targets, this would constitute an error.  
Foot tapping task (Ftap). Participants were instructed to tap their left foot in 
time with the beat of a metronome, while keeping their heel in contact with the 
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Figure 1a. Experimental setup, arm tracking task. Participants were seated one metre from 
computer screen and tracked a marker moving up and down the screen at a sinusoidal rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1b. Experimental setup, n-back task. Either with or without concurrent arm tracking, 
participants responded to auditory n-back stimuli (played through headphones) by clicking a 
wireless mouse held in their left hand.  
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ground. The beat was played for one minute at a rate of 0.5 Hz through earphones 
worn by the participant, which was connected to an iPhone (Apple, USA).  
Verbal fluency task (vfl) (Benton, Hamsher, & Sivan, 1994). Participants 
were given a target letter by the investigator, and then asked to say as many words 
starting with the target letter as possible. Trials lasted for one minute, which consisted 
of three target letters given consecutively (20 seconds each letter). Letters used were 
C, F, L and P, R, W, which were given randomly for ST and DT conditions for each 
participant.  
It should be noted that in addition to DT performance data, brain activity data 
were collected using functional near infrared spectroscopy and transcranial magnetic 
stimulation (TMS) (used in accordance with electromyography) during the 
performance of each task. In order for the significance of the present findings to be 
properly discussed, these results are to be reported in a subsequent paper. However, 
two points are relevant to DT performance data presented here. First, a computer 
program triggered a single TMS pulse at the point where the participants’ arm 
exceeded 90º (flexion phase only) during arm tracking. The arrival of a TMS evoked 
potential in the target muscle (BB) can sometimes cause a muscle twitch, which could 
affect the arm tracking performance. However, this twitch did not cause error in arm 
tracking performance because error was only analysed between 0-90º (i.e. before the 
pulse was triggered). Second, TMS was applied with the arm held statically at 90º 
during all ST conditions where arm tracking was not performed (i.e. all nb levels, 
Ftap, and vfl). This was done to ensure that conditions were uniform for all tasks (i.e a 
single TMS pulse was applied to the M1). 
Data and Statistical Analysis 
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Dual-task normalisation. As per most DT studies (Bherer et al., 2008; 
Vallesi, 2015), DT performance was measured by the change in performance due to 
the additional task, termed ‘DT cost’. This method is able to normalise performance 
to allow for baseline (or ST) task ability. DT cost is often produced by measuring the 
change in primary task performance between ST and DT conditions (An et al., 2014; 
Gomes et al., 2015). However, if only the error from the primary task is used, this 
does not take into account the performance of the secondary task (Logie et al., 2004; 
McDowd & Craik, 1988). Therefore, we calculated the cost of both primary (DT 
errorprimary task / ST errorprimary task x 100) and secondary tasks (DT errorsecondary task / ST 
errorsecondary task x 100). This enabled us to calculate the overall DT cost (of each of the 
five DT conditions) using the equation: (DT costprimary task + DT costsecondary task / 2) x 
100. For example, for DT Ftap condition, the DT cost of the primary task = (DT arm 
tracking error / ST arm tracking error) x 100, and the DT cost of the secondary task = 
(DT Ftap error / ST Ftap error) x 100. These two DT costs were then averaged to 
calculate the overall DT cost. 
For all nb levels, both reaction time (RT) and the percentage of correct 
responses were measured. Therefore a DT cost was created for each of these variables 
(e.g. DT reaction time / ST reaction time x 100), and the average of these two costs 
taken as the DT costsecondary task. 
Performance data.  
Arm tracking task. The custom-built computer program measured the error 
between the participant controlled marker and the target marker. Performance was 
measured by using the root mean square (RMS) error between the target joint angle 
position and the actual joint angle measured using the electronic goniometer at each 
time instant.   
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n-back task. Average RT and the percentage of correct responses were 
analysed offline for each level of the nb levels. 
Foot tapping task. A sound recorder (iPhone, Apple, USA) was placed next to 
the participants left foot to capture tapping. This program shows sound waves 
visually, so that the timing of the foot taps could be measured offline. Perfect 
performance would show a foot tap every two seconds. Therefore, the time of each 
foot tap was subtracted from the previous tap, and error over the trial was quantified 
as the average number of milliseconds (ms) away from two seconds, i.e. ∑((n2 – n1) – 
2) / X, where ‘X’ = the number of foot taps performed. 
Verbal fluency task. Performance was measured by the total number of 
correct word responses read in one minute. A sound recorder was used so that words 
could be checked off-line.  
Task difficulty rating. Immediately after the performance of each of the 11 
conditions, participants were asked to provide a rating of difficulty on a five-point 
scale: 0 = no demand at all; 1 = small; 2 = moderate; 3 = high; 4 = very high; 5 = 
excessive demand.  
Statistical analysis. DT cost was analysed across DT type, and DT difficulty. 
This was done under the premise that the n-back is the same type of task at each of the 
three levels, but is more difficult as the levels increase. This judgment was made 
given that all aspects of the task – the auditory stimulus, the button press response, are 
identical – and the only manipulation was the number (n) of positions back in the 
sequence in which to match the current stimulus. In regards to task difficulty, the 
presentation of the nb task at higher levels is a well-established method in which to 
increase cognitive load (Harvey et al., 2005; Jaeggi et al., 2003). Therefore, an nb DT 
cost was calculated across DT levels by taking the mean DT cost of nb1, nb2, and 
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nb3. This was labelled ‘nb-combined’, and was compared to the DT cost of the Ftap 
and vfl conditions. Thus, DT cost was analysed over what we considered three 
different types of DTs, labelled: 1) nb-combined; 2) Ftap; and 3) vfl. A repeated-
measures ANOVA tested the main effects of DT type and age group, and for a DT 
type*age group interaction. Next, for the analysis of DT difficulty, DT cost was 
investigated over the three nb levels. Repeated-measures ANOVA tested the main 
effects of nb level and age group, and for an nb level*age group interaction.  
Bivariate correlation, using Pearson’s correlation coefficient, was performed 
between the DT costs of each of the five DT conditions (nb1, nb2, nb3, Ftap, and vfl), 
for both younger and older groups. An initial analysis used Cook’s distance to look 
for data points influencing bivariate correlations. A distance of greater than one was 
identified as a possible outlier (Cook & Weisberg, 1982). Correlations containing 
these cases were graphed and visually inspected by two authors (DC & GY). Two 
data points were removed as a consequence: one from the nb3 older group data, and 
one from the vfl older group data. Therefore, for correlations within the older group, 
all analyses involving nb3 and vfl tasks contain only 14 data points.  
Given that these correlations were performed across five DT conditions, the 
chance of a type one error was increased. However, to our knowledge these tasks 
have not previously been compared. Therefore, in order to explore possible 
relationships, a more restrictive p-value was not applied for multiple comparisons. 
Rather, as recommended by Saville (1990) and Rothman (1990), all relationships 
analysed statistically were reported within the manuscript. 
Significance was set at p < 0.05 for all data. Post-hoc comparisons following 
ANOVA were made using the least significant difference test. 
Results 
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Dual-task Difficulty 
Descriptive data for subjective task difficulty ratings are presented in Table 1. 
Figure 2a demonstrates the effect of difficulty on DT cost calculated using only the 
error of the primary task of arm tracking. Figure 2b demonstrates the DT cost when 
the error of both tasks was accounted for. Figure 2a and b demonstrate that despite 
instructions to perform both tasks equally well, tasks are sometimes prioritised, and it 
is therefore important that DT cost is calculated using the error of both tasks (Logie et 
al., 2004; McDowd & Craik, 1988) (see Dual-task normalisation section). 
Therefore, all further analyses and discussion refer to data within Figure 2b. There 
was a significant main effect of nb level on DT cost: F(2,56) = 3.68; p = 0.03, while 
the main effect of age group did not reach significance: F(1,28) = 3.16; p = 0.09. The 
nb level*age group analysis showed no interaction, demonstrating that DT difficulty 
had no effect on the differences in DT cost between age groups: F(2,56) = 0.05; p = 
0.95. Post-hoc tests demonstrated a significant difference in DT cost between nb1 and 
nb2 levels (p = 0.01), and nb1 and nb3 levels (p = 0.04), but not between nb2 and nb3 
tasks (p = 0.79). 
Dual-task Type 
Figure 3a demonstrates the effect of DT type on DT cost calculated using only 
the error of the primary task of arm tracking. Figure 3b demonstrates the DT cost 
when the error of both tasks was accounted for. All further analyses and discussion 
refer to data within Figure 3b. ANOVA showed a significant main effect of DT type 
on DT cost: F(2,56) = 46.97; p < 0.001, and a significant main effect of age group on 
DT cost: F(1,28) = 4.95; p = 0.03. This agrees with our hypothesis of increased DT 
cost for older adults. However, the DT type*age group analysis showed no 
interaction: F(2,56) = 0.002; p = 0.99. As Figure 3b indicates, post-hoc tests showed 
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Table 1  
Mean ± SD ratings of difficulty for each condition 
ST DT 
Task Younger Older Younger Older 
Arm 
tracking 1.1 ± 0.6 1.6 ± 0.7 - - 
nb1 1 ± 0.6 1.4 ± 0.8 1.6 ± 0.8 2.4 ± 0.9 
nb2 1.6 ± 0.8 2.9 ± 1.4 2.5 ± 0.9 3.1 ± 0.5 
nb3 3.1 ± 1.2 4.1 ± 1.2 3.5 ± 1  4 ± 0.8 
Ftap 0.9 ± 0.5 1.5 ± 1.2 2.3 ± 0.9 2.7 ± 1.1 
vfl 2.5 ± 1.1 3.1 ± 0.9 3 ± 1.2 3.4 ± 0.7 
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Figure 2a. The effect of task difficulty on DT cost  
calculated using only the error of the primary task  
of arm tracking. These data were not analysed  
statistically. 
Figure 2b. The effect of task difficulty on DT cost  
when the error of both tasks was accounted for.  
ANOVA showed a main effect of nb level, with  
post-hoc tests showing significantly higher DT costs  
for nb2 and nb3 than the nb1 level (indicated by  
asterisks). 
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Figure 3a. The effect of task type on DT cost calculated 
using only the error of the primary task of arm tracking. 
These data were not analysed statistically. 
Figure 3b. The effect of task type on DT cost when the  
error of both tasks was accounted for. ANOVA showed  
main effects of task type and age group. Post-hoc tests  
showed a significantly higher DT cost for the Ftap task 
type than nb-combined and vfl (indicated by asterisk). 
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Table 2  
DT cost correlations between conditions      
DT cost nb1 DT cost nb2 DT cost nb3 DT cost Ftap DT cost vfl 
 Younger Older Younger Older Younger Older Younger Older Younger Older 
DT cost 
nb1 
R 1 1 0.17 0.61* 0.29 0.44 -0.11 -0.26 -0.51 0.53 
p 0.55 0.02 0.29 0.12 0.70 0.36 0.06 0.051 
DT cost 
nb2 
R 1 1 0.60* 0.32 -0.37 0.05 0.14 0.19 
p 0.02 0.27 0.17 0.86 0.61 0.51 
DT cost 
nb3 
R 1 1 -0.06 0.26 0.00 0.38 
p 0.83 0.36 0.99 0.18 
DT cost 
Ftap 
R 1 1 -0.22 -0.09 
p 0.43 0.77 
DT cost 
vfl 
R 1 1 
p 
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Figure 4. Correlations between DT cost nb1 and DT cost vfl for younger and older groups. 
Better performers in the younger group on the nb1 DT performed worse on the vfl DT, while 
better performers in the older group on the nb1 DT also performed well on the vfl DT.  
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significantly higher DT cost for the Ftap DT type than the nb-combined (p < 0.001), 
and vfl DT types (p < 0.001), but no difference between nb-combined and vfl DT 
types (p = 0.54). This result disagrees with our hypothesis of similar costs across DT 
types.  
Dual-task Cost Correlations  
Table 2 shows that DT cost did not correlate uniformly across the different 
types of DTs, for either of the age groups. In other words, significant positive 
relationships can be found within types of DTs (between nb levels), yet no significant 
relationships were present between nb conditions and the Ftap, or vfl conditions. This 
disagrees with our hypothesis, and suggests that DT performance for an individual is 
dependent on DT type.  
Interestingly, some differences in correlations can be observed between age 
groups (Table 2), most noticeably for the correlation between DT cost nb1 and DT 
cost vfl. This difference is displayed in Figure 4.  
Discussion 
This study tested the performance of younger and older participants over 
different DT difficulties, and across DT types, in an attempt to advance theories 
explaining the attentional mechanisms of DT performance. For the initial analysis of 
DT difficulty, although a main effect of nb level was found, post-hoc analysis showed 
that DT cost plateaued between nb2 and nb3 conditions. We suggest that this result 
does not agree with a limited-capacity theory, because under such a model, DT cost 
would likely continue to rise after attentional capacity was exceeded (Logie et al., 
2004). Main analyses investigating DT type showed that the within-modality DT 
resulted in the highest level of DT cost. This indicates that the magnitude of DT cost 
is dependent on DT type, for both younger and older groups, and therefore 
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strengthens evidence for a multiprocessor theory of attention (Allport et al., 1972; 
Mcleod, 1977). Finally, there was no correlation between DT costs of different types 
of DTs. Contrary to our hypothesis, this indicates that DT cost for an individual is 
dependent on DT type. This could indicate the existence of multiple attentional 
networks, which are activated depending on the types of tasks performed.  
Dual-task Cost With Increasing Difficulty 
Prior to the discussion of age related differences, the method used to calculate 
DT cost should be made clear. Here, DT cost is expressed as a percentage of ST error. 
However, other studies have used an absolute DT cost (DT-ST) (Li et al., 2010; 
McDowd & Craik, 1988). The use of an absolute DT cost here would have been 
inappropriate because the STs varied in the levels of baseline error, e.g. the ST error 
of nb3 was higher than nb1 and nb2 due to increased difficulty.  
We suggest that the results of the DT difficulty analysis do not agree with a 
limited capacity theory of attention, given that DT cost plateaued between nb2 and 
nb3 tasks. Furthermore, if it is assumed that the poorer DT performance of older 
adults is due to a reduced capacity for attention (Teasdale et al., 1993), it is suggested 
that there would also be an exacerbated DT cost for older adults as DT difficulty 
became greater. This was not observed. Rather, there was no interaction between age 
group and nb level (Figure 2b). This absence of an interaction can also be seen in 
Figure 3b for the other DT conditions; while these conditions varied in difficulty 
ratings (Table 1), there was no associated increase in the DT cost for the older group 
(compared to the younger group). Rather, the difference in DT cost between age 
groups remained quite similar across each the five DTs, ranging from 9.1 – 12.1% 
(mean = 11.1 ± 1.2%). For example, nb2 DT cost for the young group was 113.6% 
and 125.7% for the older group (difference = 12.1%), and this age related difference 
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did not increase for the more difficult nb3 task (difference = 11.6%). Further, there 
was a large increase in DT cost for the Ftap task for the younger group (to 167.2%); 
therefore we might expect DT cost for the older group to inflate proportionately. 
However, the difference in DT cost for the older group was 178.7%, again showing a 
similar difference in age-related DT cost of 11.5%. A similar cost for older adults 
across DT conditions varying in difficulty agrees with previous research 
(Lindenberger et al., 2000; McDowd & Craik, 1988; Verhaeghen et al., 2003). 
Further, Logie et al. (2004) demonstrated higher DT costs for an older compared to a 
younger group, and higher DT costs again for Alzheimer’s disease (AD) patients. 
However, increasing the difficulty of the DTs did not further exacerbate DT costs for 
the older or AD group. Authors suggested a specific effect of the act of performing 
two tasks concurrently that is quite independent of overall cognitive demand, and 
concluded that these results were inconsistent with a simple limited capacity 
interpretation of attention.  
DT Performance Dependent on DT Type  
A number of previous studies have demonstrated higher DT costs for within-
modality tasks, as in the present study (Ftap DT) (Allport et al., 1972; Mcleod, 1977; 
Navon & Miller, 1987). However, Pashler (1990) suggested that in these studies the 
order of responses for within-modality DTs varied from trial to trial, and this differed 
to the typical DT design (involving speeded responses) where response order was 
fixed. Subsequently, Pashler (1990) conducted a number of experiments using 
speeded DTs, to apparently demonstrate that this unknown response order could 
account for the previously observed increase in processing delays for within-modality 
DTs. In contrast to these earlier experiments, the present study used continuous DTs 
where two tasks are continuously performed over one minute. We suggest that in such 
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a design, participants do not respond to tasks in a particular order, and therefore the 
unknown response order suggested by Pashler (1990) cannot account for the higher 
within-modality DT costs. Moreover, participants were explicitly instructed to 
perform both tasks equally well across all trials, and the performance of both tasks 
was accounted for in the equation of DT cost. Therefore, we propose that the present 
results strengthen the assertion that within-modality tasks do in fact produce greater 
DT cost (Allport et al., 1972; Mcleod, 1977).  
 Two issues could be raised regarding this conclusion. First, the nb DTs also 
required two motor responses (given that participants responded via button press for 
the nb tasks) (Figure 1b). While this undoubtedly requires some processing of motor 
information, we contend that the motor processing required for this simple response 
would be less in comparison to that required in performing the Ftap task. Secondly, it 
could be suggested that the method for measuring Ftap error may have been 
conducive to high error rates. The timing of foot taps was measured in milliseconds; 
therefore, if timing in the DT condition was slightly off it could result in a high 
percentage of DT cost. However, DT error was also measured by arm tracking error, 
and of the five DTs, this was highest in the Ftap DT for both younger and older 
groups. This arm tracking cost is in spite of the Ftap DT being rated as the second 
easiest DT by both groups (Table 1). It should be noted however that DT cost was not 
completely abolished during the nb-combined, or vfl DT conditions. This suggests 
that attentional processing mechanisms mediating these tasks did not operate 
completely in parallel, and there was still a bottleneck causing a delay in processing at 
some point throughout the DTs. Thus it could be speculated that some common 
attentional mechanisms were required for both tasks concurrently, but that these 
104
DUAL-TASK PERFORMANCE DEPENDENT ON TASK TYPE  
mechanisms interfered to a greater extent when participants were required to perform 
the within-modality DT, concurrently processing motor/motor information. 
Table 2a shows that DT costs across different types of DTs did not correlate 
for either age group. We originally hypothesised that DT cost would correlate across 
tasks, based on the assumption that a single attentional mechanism was required for 
response selection for all types of tasks. Dux et al. (2009) demonstrated that improved 
DT performance post-training was mediated by the increased processing speed of a 
specific prefrontal region (left inferior frontal junction), suggesting a possible 
mechanism for response selection across all task types. Thus, we reasoned that if DT 
performance was dependent on the processing speed of a particular mechanism, DT 
performance should be independent of task type. However, as noted by Dux et al. 
(2009) only tested one type of DT was tested, and these authors therefore suggested 
that different attentional processing mechanisms could mediate different types of 
tasks. Thus, we suggest that the present result showing no correlation in DT 
performance between task types aligns more closely with a model of multiple 
attentional processors, whereby the brain uses different attentional mechanisms for 
different types of tasks. This hypothesis could be tested more directly by precise 
spatial imaging of the brain regions activated between these different types of DTs. It 
should also be noted that some authors have suggested that the use of difference 
scores can reduce statistical reliability (e.g. Edwards, 2002). Reduced reliability could 
have resulted in spurious correlations in the present study. However, DT cost for each 
condition do not suffer from high levels of variance. Thus, there seems to be no 
compelling evidence to suggest that statistically significant results are the result of 
low statistical reliability.  
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Unexpectedly, differences in DT performance correlations were observed 
between younger and older groups. Figure 4 shows that better performers in the older 
group on the vfl DT also performed well on the nb1 DT, while better performers in 
the younger group on the vfl DT performed worse on the nb1 DTs. It could be 
speculated that these differences are indicative of changes in the attentional 
mechanisms mediating verbal responses with age. Interestingly, Al-Yahya et al. 
(2011) used meta-regression to demonstrate attenuated DT cost for older adults during 
DTs involving vfl tasks. Another meta-analysis by Verhaeghen et al. (2003) also 
demonstrated attenuated age-related costs for DTs involving vocal, versus manual, 
responses. Although the DT cost for the vfl condition was not attenuated for older 
adults here (Figure 3b), collectively, age differences observed over these three studies 
may indicate changes in verbal processing with age. While this is highly speculative 
given the current evidence, further investigation is worthwhile in light of the findings 
of Beauchet et al. (2007) demonstrating that older adults with poorer performance 
during a concurrent counting (aloud) and walking task had a greater incidence of falls 
over a subsequent 12 month period.  
Conclusions 
Our initial analysis demonstrated a plateau in DT cost with increasing DT 
difficulty, and also agreed with previous literature showing that the level of age 
related deficit in DT performance was similar across tasks, independent of difficulty 
(Lindenberger et al., 2000; Logie et al., 2004). As suggested by Logie et al. (2004). 
This indicates a specific effect of the act of performing two tasks concurrently that is 
independent of overall cognitive demand, disagreeing with a limited capacity theory 
of attentional processing. The main analyses showed that DT cost was significantly 
increased for motor/motor DT condition during continuous DTs, strengthening 
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previous evidence suggesting increased performance deficits for within-modality DTs 
(Allport et al., 1972; Mcleod, 1977). In addition, the DT cost for an individual was 
dependent on DT type, with costs uncorrelated across different types of DTs. We 
suggest that these results provide evidence for a multiprocessor theory of attention.  
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 CHAPTER NINE: Dual-tasking in older adults may depend on the activation of 
prefrontal cortex to motor cortex pathways 
Preamble 
 The previous chapter reported the performance results during dual-tasking 
within 15 younger and 15 older adults. The following chapter reports the results of 
pLPFC activity and M1 activity measured via fNIRS and single-pulse TMS/EMG 
respectively, during the same experimental protocol as in chapter eight. 
This chapter has been fully prepared for submission to Cortex. Therefore font, 
structure, formatting, and references are prepared in accordance with this journal.  
However, after discussion with co-authors, we have elected to attempt to publish the 
study of chapter eight prior to submitting this study for publication. We view this is as 
appropriate given the number of times we refer to the performance results. 
Chapters eight and nine were presented in separate manuscripts because after 
collecting DT performance data, pLPFC and M1 activity, and neurophysiological 
assessment, there were much information to be presented and discussed. Due to 
journals’ space limitations, the results could not have been discussed in the detail that 
we believed was warranted if all data were presented within one manuscript. If 
chapter eight is not deemed suitable for publication by Psychology and Aging, co-
authors will then discuss whether all data should be presented to a scientific journal 
within one manuscript.  
In the following chapter, the study of chapter eight is referred to as ‘Corp et al., 
(under review)’ for clarity. The reference to this paper will be edited prior to chapter 
nine being submitted for publication, as per the outcome of peer review. This 
reference has been included in the reference list, but again will be edited before 
submission to a scientific journal.    
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 Abstract 
 
Many studies have demonstrated that an additional, concurrent task affects 
motor performance. However, dual-task research has yet to fully elucidate the 
mechanisms within the human brain underpinning such performance deficits. 
This study was designed to test the hypothesis that dual-task performance 
(involving motor tasks) could be predicted by the activation of the prefrontal 
cortex and the primary motor cortex (M1). Fifteen younger and 15 older adults 
each performed five different dual-task conditions, while functional near-
infrared spectroscopy (fNIRS) and single-pulse transcranial magnetic 
stimulation/electromyography simultaneously measured brain activity within 
their posterior lateral prefrontal cortex (pLPFC) and M1, respectively. Missing 
fNIRS data due to motion artifact restricted the investigation of predictive 
relationships. However, within the older group, better DT performance was 
correlated with higher activity within the pLPFC and the M1. In addition, there 
was a significant positive relationship between pLPFC and M1 activity for 
older adults. These trends were not present in the younger group. Our results 
suggest that dual-tasking in older adults may depend on the activation of 
prefrontal cortex to motor cortex pathways.  
 
Keywords 
Dual-task; prefrontal cortex; primary motor cortex; functional near-infrared 
spectroscopy; transcranial magnetic stimulation 
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 1.  Introduction  
A wide body of literature now exists demonstrating that additional cognitive 
load affects our ability to perform a wide range of motor tasks, including 
balancing (Li et al., 2010), walking (Al-Yahya et al., 2011), and driving (Blanco 
et al., 2006). Dual-task (DT) experiments, where participants are asked to 
perform two tasks at the same time, have shown that these deficits increase 
with advancing age, and have subsequently suggested that a reduced ability 
to DT places older adults at a greater risk of falling while walking (Beauchet et 
al., 2007), and motor vehicle accidents (Owsley et al., 1991). 
 
Previous DT studies have demonstrated that dual-tasking influences activity 
within particular cortical regions, and suggested that this activity may be 
associated with DT performance (Dux et al., 2009; Fujiyama et al., 2012). 
However, to the authors’ knowledge, it has yet to be investigated whether the 
simultaneous activity of two cortical regions can predict DT performance. 
Such a finding could provide evidence for a functional relationship between 
brain regions. Dux et al. (2009) showed increased activity within the inferior 
frontal junction (IFJ) during dual-tasking pre-training, and a shorter duration of 
the IFJ blood-oxygen level dependent (BOLD) signal post-training. Authors 
suggested that the speed of neural processing of the IFJ could allow for more 
efficient DT performance. Fujiyama et al. (2012) demonstrated that reduced 
silent period (SP) duration (representing inhibitory activity of the primary motor 
cortex [M1]: Fuhr et al. 1991) was associated with poorer DT performance in 
older adults. Taking these results into account, Corp et al. (2013) proposed a 
relationship between these two regions, whereby DTs involving motor tasks 
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 could be dependent on the activation of the M1 via the prefrontal cortex 
(PFC).  
 
The present study was designed to test this hypothesis, and therefore asked 
the question: can increases in PFC activity and M1 activity during dual-tasking 
predict DT performance? Based on the aforementioned findings of Dux et al. 
(2009) and Tombu et al. (2011), we used functional near infrared 
spectroscopy (fNIRS) to attempt to measure the activity of the IFJ, while 
simultaneously using single-pulse transcranial magnetic stimulation (TMS) in 
association with electromyography (EMG) to measure both excitability and 
inhibition of the M1 (in discussing both outcomes, we refer to ‘M1 activity’). 
The ability to measure inhibitory responses was important in light of the 
aforementioned findings of Fujiyama et al. (2012) showing changes in 
inhibition during dual-tasking.   
 
While many studies have employed only one type of DT (e.g. Pellecchia, 
2005; Van Impe et al., 2011), or included only one population (e.g. young 
healthy adults; Pashler, 1990; Schumacher et al., 2001), we measured brain 
activity (within the PFC and M1) across five different DT conditions, in both 
younger and older adults. This was designed to test the extent to which 
relationships between brain activity and DT performance were generalisable 
across a range of DT situations.  
  
We hypothesised that correlation analysis would demonstrate positive 
relationships between PFC and M1 activity across all DTs, within both age 
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 groups, and that multiple regression would demonstrate that the upregulation 
in activity of both of these brain regions would predict better DT performance. 
We also proposed that older adults would demonstrate reduced SP duration 
compared to the younger group, as per the results of Fujiyama et al. (2012). 
We suggest that this would indicate a reduced ability for the PFC to activate 
M1 inhibitory networks, as hypothesised by Corp et al. (2013), and therefore 
this outcome would be correlated to poorer DT performance.  
 
2. Methods 
This manuscript presents the fNIRS and TMS data collected during the 
performance of DTs described in an earlier manuscript (Corp et al., under 
review). This earlier manuscript presents performance data only. Participant 
characteristics, task descriptions, figures, and experimental setup are 
described in Corp et al., (under review); therefore we provide only a brief 
overview here. Note that in Corp et al., under review, DT performance was 
measured via ‘DT cost’: the percentage decrement in DT performance 
compared to ST performance alone. This term is used henceforth in the 
present manuscript.  
 
2.1 Participants 
All conditions were performed by 15 younger (9 males; mean age 27.7 ± 3.1; 
range 21 – 35 years) and 15 older adults (9 males; mean age 65.2 ± 3.9; 
range 58 – 73 years) (30 right-handed), each of whom provided informed 
consent prior to participation. A health-screening questionnaire was 
administered to participants prior to testing to ensure TMS did not pose a risk 
119
 to participants. All forms and procedures were approved by the Deakin 
University Human Research Ethics Committee.  
 
2.2 Overview of experiment 
Participants performed 11 conditions in quasi-random order, with the 
presentation of single-task (ST) and DT conditions alternated. Each condition 
lasted for one minute. These conditions consisted of six ST (control) and five 
DT conditions (experimental) conditions. Participants were instructed to 
attempt to perform both tasks equally well when dual-tasking. DT conditions 
comprised of the ST condition (primary task) of arm tracking and the addition 
of each secondary task. Arm tracking performed alone is labeled ‘STarm 
tracking’ for clarity. Therefore, the five DT conditions were: 1) arm tracking + 
n-back 1 (DTnb1); 2) arm tracking + n-back 2 (DTnb2); 3) arm tracking + n-
back 3 (DTnb3); 4) arm tracking + foot tapping (DTFtap); and 5) arm tracking 
+ verbal fluency (DTvfl). Each task was also performed individually totaling six 
ST conditions. However, the only ST condition in which brain activity was 
measured was STarm tracking, with other ST conditions (STnb1, STnb2, 
STnb3, STFtap, STvfl) relevant only to performance outcomes (Corp et al., 
under review). Therefore, the results of these conditions are not referred to in 
this manuscript.  
 
2.3 Arm tracking 
Participants were seated in a custom-built chair seated approximately one 
metre from a computer screen. An adjustable handle was held from below to 
ensure that the arm remained supinated to ensure a consistent EMG (and 
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 therefore TMS) signal. An electronic goniometer (Biometrics, Ltd., UK), used 
to measure the angle of the elbow joint, was applied to the outer arm. The 
electronic goniometer communicated with a custom-built computer program 
(LabVIEW, National Instruments, U.S.A.), which showed the arm tracking task 
on the computer screen. Participants were presented with a marker on the 
screen that moved according to the movement of the elbow joint (elbow 
flexion = marker moved upward; elbow extension = downward). Their task 
was to track a second marker moving up and down the screen at a rate that 
varied sinusoidally. 
 
2.4 Electromyography and Transcranial magnetic stimulation 
To improve methodological quality, a TMS checklist, designed for studies 
investigating the human motor system, was referred to before data collection 
(Appendix A) (Chipchase et al., 2012).  
 
EMG activity was recorded from wireless surface electrodes (Powerlab, USA) 
placed over the bicep brachii (BB) muscle of the participant’s dominant arm. 
EMG recordings (LabPro, USA) were amplified (x1000) with bandpass filtering 
between 10 Hz and 1 kHz and digitised at 1.5 kHz for 500 ms. A Magstim 
2002 magnetic stimulator with a 70 mm figure-of-eight ‘branding iron’ coil 
(Magstim, UK) was used, producing a monophasic pulse shape. This coil was 
used because the design allowed it to fit on the M1 whilst fNIRS optodes were 
positioned over the PFC (see section 2.5 and Figure 1). The coil was held by 
hand tangential to the skull inducing a posterior-anterior current in the cortex 
(Ziemann, Rothwell, & Ridding, 1996). The coil was held at 0º (Brasil-Neto et 
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 al., 1992) (current flowing through 0º to 180º) rather than 45º (Ziemann et al., 
1998) so that it could fit over the M1 with the fNIRS optodes. The ‘optimal’ site 
of stimulation was determined by testing the location at which the largest 
motor evoked potential (MEP) could be obtained in the participant’s dominant 
BB muscle. This position was marked on the scalp with a permanent pen.  
 
A custom-built computer program (LabVIEW, National Instruments, U.S.A.) 
triggered a single TMS pulse when the participants’ arm reached 90º (flexion 
phase only) during arm tracking. The rate of one full arm tracking cycle was 
0.08 Hz, therefore a TMS pulse was triggered once every 12.5 seconds. With 
trials lasting for one minute, this meant that five TMS pulses were collected for 
most trials. While this is fewer than the ten pulses used in Corp et al. (2015a) 
who demonstrated intrasession reliability of TMS to the BB muscle, 
intrasession reliability has previously been demonstrated in other muscles 
using five TMS pulses (Christie et al., 2007; Doeltgen et al., 2009). Pulses 
were applied at the intensity required to produce a 1mV response (Kujirai et 
al., 1993) in the BB muscle during the STarm tracking task. Therefore, this 
intensity was determined prior to testing during task familiarisation (see Corp 
et al., under review, for familiarisation protocol).  
 
Given that there was no arm movement, and therefore no EMG activity, in ST 
conditions other than ST arm tracking, single-pulse TMS/EMG responses 
could not be measured during these tasks (STnb1, STnb2, STnb3, STFtap, 
and STvfl). However, during these conditions, single-pulse TMS was also 
applied (manually by the experimenter) with the arm held statically at 90º. 
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Figure 1. Experimental setup. Haemodynamic responses were measured 
during dual-tasking from the left and right posterior lateral prefrontal cortex via 
functional near infrared spectroscopy. Single pulse transcranial magnetic 
stimulation simultaneously measured the excitability and inhibition of the 
contralateral primary motor cortex. 
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 This was done to ensure that conditions were uniform across all tasks (i.e 
single-pulse TMS was applied to the M1). Haemodynamic responses using 
fNIRS were also only measured during conditions where single-pulse 
TMS/EMG responses were measured. This was the case due to the aim of 
the study: to simultaneously measure PFC and M1 activity during dual-
tasking. 
 
2.5 Functional Near infrared spectroscopy 
An fNIRS system (Oxymon, Artinis Medical Systems, Zetten, The 
Netherlands) measured changes in cerebral oxygenated (HbO) and 
deoxygenated haemoglobin (HbR) during each of the DT conditions 
(concurrently with TMS/EMG measuring activity of the M1). These (HbO and 
HbR) variables are relative changes in concentration compared to baseline 
(Hoshi, 2003). This system used two wavelengths, 856 and 763nm, and a 
sampling rate of 10Hz. Two channels were used in total, with one channel 
over the right hemisphere, and one over the left hemisphere (Figure 1). 
Channels consisted of one source and one detector, with an interoptode 
distance of 3cm, placed either side of the target region. A rubber strap was 
wound around the participants’ head in order to keep the optodes in position. 
Using this setup, light travels through a banana-shaped trajectory between 
source and detector, sampling over the 3cm distance, and a depth of 
approximately 3-5 mm within the cortex (Gervain et al., 2011).  
 
Our selection of the IFJ as the target region within the PFC was based on the 
hypothesis of this region being involved in the selection of competing 
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 responses during DT performance (Dux et al., 2009; Tombu et al., 2011). 
Both of these experiments, and Szameitat et al. (2002), demonstrated DT 
specific increases in cortical activity within this region. The use of additional 
fNIRS channels to measure other PFC regions was constrained by space, 
due to the requirement for the TMS coil to be placed over the M1 concurrently 
(see Figure 1). The IFJ was located using the 10-20 EEG system (Jasper, 
1958) by marking a spot 1 cm posterior to F3 and F4 (using a permanent 
pen), located using a custom made EEG cap (Easycap, Germany). F3 and F4 
correspond to the dorsolateral prefrontal cortex, on the dorsal edge of 
Brodmann area (BA) 9, bordering BA 8 (Herwig, Satrapi, & Schonfeldt-
Lecuona, 2003). Thus, 1cm posterior to this region corresponds to the 
approximate location of the IFJ, which is situated at the intersection of BAs 
six, nine, and 44 (Brass et al., 2005; Derrfuss, Brass, & Yves von Cramon, 
2004). Although the IFJ was our target region, a lack of spatial resolution 
using fNIRS (Gervain et al., 2011) meant that measured activity likely 
originated from a wider cortical region within the pLPFC (Brass et al., 2005). 
Thus, results are discussed in reference to this region.  
 
Participants were instructed to sit silently for approximately 30 seconds prior 
to task onset, keeping as still as possible. Haemoglobin concentrations from 
the last 10 seconds of this resting period were compared to task related 
responses (see Figure 2). There was an exception to this procedure prior to 
the vfl task, where participants were instructed to say “A, B, C, D” repeatedly 
until task onset.  
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 2.6 Data analysis 
2.6.1 Dual-task normalisation  
As with performance data from this experiment (Corp et al., under review), 
MEP amplitude and SP duration data were normalised using the equation 
(DT/ST) x 100. The resultant percentage is denoted by ‘DT%’ hereafter in the 
present manuscript. For example, the DT% of the MEP amplitude for the 
DTnb1 task = (MEP amplitude DTnb1) / (MEP amplitude STarm tracking) x 
100. We had planned to use this normalisation method for the fNIRS data 
also, however due to motion artifact or poor signal, 38.3% of STarm tracking 
trials were removed (see section 2.6.2). Therefore, on these occasions the 
rest of the participants DT trials could not be normalised to this ST condition. 
Thus, we did not employ this normalisation method for fNIRS data. While this 
did not allow changes from single to dual-tasking to be quantified at the 
individual level, this problem was attenuated given that inter-individual 
differences in haemoglobin concentration were already normalised relative to 
the rest period prior to task onset. 
 
2.6.2 fNIRS data  
Raw fNIRS data were exported to the Homer2 fNIRS processing package 
(v2.0) (Huppert et al., 2009). Much of the data contained artifacts likely 
caused by head movements. In addition, head movement sometimes also 
caused the optodes to contact the TMS coil, also causing artifact. Therefore, 
motion correction analysis, a well-established step in fNIRS post-processing 
(Brigadoi et al., 2014; Yücel et al., 2014), was required. Of the different 
methods available for motion correction, Brigadoi et al. (2014) recommend 
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 selecting a method based on the type of movement artifacts present within the 
data. Our data contained both high frequency and low frequency artifact given 
a variety of tasks were performed; therefore, all remaining data were 
processed using five different artifact removal methods. This was considered 
advantageous for three reasons: first, it allowed for different types of 
movement artifact to be detected; second, variance, and the effect of outliers, 
could be reduced by taking a participants’ average HbO and HbR response 
across the five methods (see below, this section); and third, it could provide 
an indication of the reliability of the derived HbO and HbR response via 
Pearson’s correlation coefficients between methods. These coefficients are 
provided in Appendix B, along with the processing settings used for each of 
the five movement artifact methods. The order of signal processing steps is 
provided in Figure 2.  
 
After relative changes in HbO and HbR data had been processed using five 
methods of motion correction analysis (Figure 2), each participant was given a 
composite mean for each ST and DT condition, for both left and right 
hemispheres, from the average of the five methods. Neural activation typically 
induces an increase in HbO and lower magnitude decrease in HbR, resulting 
in increased local cerebral oxygenation (Obrig & Villringer, 2003). Therefore, 
the haemoglobin differential (HbDiff = HbO – HbR) was used to indicate brain 
activation (Holtzer et al., 2011; Lassnigg et al., 1999; Lu et al., 2015). 
Although some investigators prefer to use only the increase in HbO to indicate 
cortical activation (e,g. Mirelman et al., 2014), HbDiff was chosen as the 
dependent variable in this study to also take into account HbR; previous 
127
 
Figure 2. Signal processing steps for fNIRS data analysis. 1135 of 360 ST and 
DT trials (6 tasks x 2 fNIRS channels x 30 participants) removed (59 younger; 
76 older). 2There was an exception to this processing order using the 
correlation based signal improvement (CBSI) method, where motion 
correction was applied after the optical density data were converted into 
concentration changes (Cui et al. 2010). 3The initial 10 second period was 
excluded to eliminate the transient periods of haemodynamic responses (Lu 
et al. 2015; Miyai et al. 2001). HbO = oxygenated haemoglobin; HbR = 
deoxygenated haemoglobin. 
    
Task related HbO and HbR concentrations = (10 to 60 sec avg) - (-10 to 0 sec avg) 
3Block average 10 to 60 sec post task onset 
Block average -10 to 0 sec prior to task onset 
Converted into concentration changes in HbO and HbR data 
Low-pass filter applied at 0.5 Hz 
2One of five motion artifact correction methods employed 
Converted into changes in optical density data 
1Raw fNIRS data screened for poor signal/artifact 
Data deidentified to avoid bias during data exclusion 
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 studies suggest that taken alone, HbO could reflect changes in blood 
pressure or an increase in skin blood volume (Obrig & Villringer, 2003). 
Changes in HbDiff are referred to as ‘pLPFC activity’ hereafter.  
 
2.6.3 TMS data 
MEP amplitude was quantified off-line using Labchart 7 (AD Instruments, 
USA) by measuring the peak-to-peak amplitude of the waveform. SP duration 
was measured from the onset of the MEP until return of EMG activity (Wilson 
et al., 1993). The later portion of the SP is generated by the activation of M1 
GABAB receptors (Fuhr et al., 1991) and can thus be attributed to cortical, 
rather than subcortical, processes (Fuhr et al., 1991; Inghilleri et al., 1993). 
Therefore, the SP is termed ‘M1 inhibition’ henceforth (Corp et al., 2015b). In 
contrast, MEP amplitude evoked by single-pulse TMS is influenced by the 
activation of both cortical and subcortical processes (Boroojerdi et al., 2001; 
Ziemann, 2008). However, previous studies have demonstrated that that 
changes in MEP amplitude (measured by single-pulse TMS/EMG) in 
response to attentionally demanding tasks are likely due to changes in the 
excitability of the M1. Takahashi et al. (2006) demonstrated increased MEP 
amplitude during dual-tasking, that was not present under conditions of brain-
stem stimulation. In addition, Conte et al. (2007) showed higher MEP 
amplitude after upregulation of attention, which showed no corresponding 
change in in spinal excitability. Therefore, we refer to MEP amplitude as 
reflecting ‘M1 excitability’ henceforth. However, it is acknowledged that single-
pulse TMS/EMG cannot measure the relative contribution of cortical and 
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 subcortical activity to MEP amplitude, and this represents a limitation in the 
use of this method to infer M1 excitability.  
  
2.7 Statistical analysis 
2.7.1 fNIRS data 
Although repeated-measures ANOVA was used for TMS data, a different 
method was used here, due to missing fNIRS data. For the left and right 
hemisphere, linear mixed effects regression models (using Stata 13; all other 
statistical analyses within this manuscript were conducted using IBM SPSS 
statistics v.22) were used to examine whether there were differences in 
pLPFC activity over the independent variables of task and age group. A 
mixed-effect model was used to account for the repeated measures data (i.e., 
the five tasks nested within individuals) and thus models included a random 
intercept clustered by the individual, and used a full information maximum 
likelihood (FIML) approach to account for missing data. The FIML approach 
thus allowed us to retain all available data for analysis of pLPFC activity 
(Graham, 2009), which contrasts with the listwise deletion approach used by 
repeated measures ANOVA (Roth, 1994). For these analyses, separate 
models were specified for the left and right hemisphere. The independent 
variables were task (dummy coded), group, and a task*group interaction. An 
overall difference in the marginal means across all levels of an independent 
variable of interest was examined using a Wald test (reported as chi2 in this 
manuscript) with relevant post hoc testing based on the contrasts between the 
different levels of the variable of interest obtained in the regression. The 
STarm tracking task was included in this regression in order to compare 
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 between ST and DT conditions, because unlike TMS (and performance) data, 
DT fNIRS data could not be normalised to the STarm tracking condition (see 
section 2.6.1 for explanation of why). We also planned to test for differences 
in pLPFC activity between hemispheres using a three-level mixed effects 
regression model (i.e., tasks nested in hemispheres, hemispheres nested 
within individuals). However, this would have further diluted statistical power. 
Given the already reduced sample size, we chose to use a two-level mixed 
model on each hemisphere separately. 
 
2.7.2 TMS data 
For both MEP amplitude and SP duration, repeated-measures ANOVA tested 
the main effects of task (across the five DTs) and age group, and for a 
task*age group interaction. Changes in MEP amplitude and SP duration were 
compared between ST and DT conditions using a one-sample t-test where 
normalised DT values were compared to the normalised STarm tracking value 
of 100. Pre-stimulus EMG activity was recorded in a block between 100 ms to 
50 ms prior to the TMS pulse (Fujiyama et al., 2012). The root mean square of 
this EMG activity was analysed using a one-way ANOVA, for both groups, to 
investigate whether muscle excitability prior to the TMS pulse differed across 
conditions.  
 
2.7.3 Relationships between brain activity and DT performance 
As per the primary aim of this study, we planned to use multiple regression to 
investigate whether the increase in pLPFC activity and M1 activity could 
predict reduced DT cost. However, due to missing fNIRS data, multiple 
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 regression on the small number of data points remaining may have yielded 
biased parameter estimates (Graham, 2009). Therefore, we could not answer 
the question posed in the Introduction of a predictive relationship between 
brain activity and DT performance. Nevertheless, we employed bivariate 
correlation using Spearman’s rank correlation coefficient (rs) to investigate 
possible relationships between pLPFC activity, M1 activity (MEP and SP), and 
DT cost. Spearman’s rs  is similar to Pearson’s coefficient except that it 
operates on the ranks, rather than the raw data, where variables are ranked 
separately from lowest to highest, and the difference between ranks for each 
data pair recorded. We considered this statistic more appropriate in light of 
missing fNIRS data, given that it is unaffected by the distribution of the 
population, is relatively insensitive to outliers, and it can be used with very 
small sample sizes (Gautheir, 2001; Mukaka, 2012). Correlation was 
performed between DT cost, and each of MEP amplitude, SP duration, HbDiff 
left hemisphere (HbDiff_L) and HbDiff right hemisphere (HbDiff_R) separately. 
Comparisons were made only in corresponding DT conditions (e.g. DT cost of 
nb1 x MEP amplitude of DTnb1 condition). To investigate a possible 
relationship in the activity between brain regions, correlation was performed 
between pLPFC and M1 activity. Given that these correlations were 
performed across five DT conditions, the chance of a type one error was 
increased, especially with the reduced sample size given missing data. 
However, to our knowledge brain activity across these tasks has not 
previously been compared. Therefore, in order to explore possible 
relationships, a more restrictive p-value was not applied for a higher number 
of comparisons. Rather, as recommended by Saville (1990) and Rothman 
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 (1990), all relationships analysed statistically were reported within the 
manuscript, along with the number of data points from which results were 
derived. 
 
Significance was set at p < 0.05. Post-hoc comparisons following repeated-
measures ANOVA were made using the least significant difference test. All 
error bars in figures show standard deviation. The strength of correlations are 
discussed in relation to the thresholds suggested by Portney and Watkins 
(2009), where correlations ranging from 0.00 to 0.25 indicate little or no 
relationship; from 0.25 to 0.50 = a fair degree of relationship; 0.50 to 0.75 = a 
moderate to good degree of relationship; and > 0.75 = a good to excellent 
degree of relationship. 
 
3. Results 
3.1 pLPFC activity during dual-tasking  
Figure 3 shows HbO and HbR responses of the left and right pLPFC for both 
age groups. For the left hemisphere, the regression model showed that the 
effect of age group was not significant on the dependent variable of HbDiff 
(i.e. pLPFC activity): X2(1) = 1.57; p = 0.21. There was a significant effect of 
task: X2(5) = 16.06; p = 0.01, but no interaction between age group*task: 
X2(5) = 3.75; p = 0.59. Pairwise comparisons showed a significantly higher 
HbDiff for the DTvfl task compared to all other conditions (p values for tasks in 
comparison to DTvfl condition) – STarm tracking: p = 0.02; DTnb1: p = 0.01; 
DTnb2: p < 0.01; DTnb3: p < 0.01; DTFtap: p = 0.01. No other comparisons 
between conditions were significant. 
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Figure 3. Oxygenated (HbO) and deoxygenated (HbR) haemoglobin responses 
during STarm tracking (‘ST’ in the Figure) and dual-task conditions. Statistical 
analyses were run on the difference between HbO and HbR (HbDiff). The number 
of remaining (due to fNIRS data exclusion) data points per condition are included 
above the x-axis headings. Significance between conditions is reported in the text. 
µM = micromolar.  
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For the right hemisphere, the effect of age group was not significant: X2(1) = 
0.80; p = 0.36. As with the left hemisphere, there was a significant effect of 
task: X2(5) = 32.45; p < 0.001. Pairwise comparisons for the younger group 
showed a significant difference between the following conditions: STarm 
tracking and DTnb2 (p = 0.02); STarm tracking and DTFtap (p < 0.01); STarm 
tracking and DTvfl (p < 0.01); DTnb1 and DTFtap (p < 0.01); DTnb1 and DTvfl 
(p < 0.01); DTnb2 and DTvfl (p < 0.01); DTnb3 and DTFtap (p = 0.03); DTnb3 
and DTvfl (p < 0.01). For the older group pairwise comparisons showed a 
significant difference between the following conditions: STarm tracking and 
DTvfl (p = 0.01); DTnb1 and DTFtap (p < 0.01); DTnb2 and DTvfl (p = 0.04); 
DTFtap and DTvfl (p = 0.03). These analyses demonstrate greater differences 
in pLPFC between tasks for the younger group.  
 
In addition, there was a significant age group*task interaction for the right 
hemisphere: X2(5) = 11.3; p = 0.046. Pairwise comparisons showed the age 
group*task interaction effect between the following conditions: STarm tracking 
and DTFtap: p = 0.02; DTnb1 and DTFtap: p < 0.01; DTnb3 and DTFtap: p = 
0.02.  
 
3.2 M1 excitability and inhibition  
One-way ANOVA demonstrated no difference in pre-stimulus EMG between 
conditions for either younger, F(5,84) = 0.11; p = 0.99, or older groups F(5,84) 
= 0.04; p = 0.99).  
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Figure 4. M1 excitability (MEP amplitude – 4a) and M1 inhibition (SP duration – 4b) 
across DT conditions. Asterisks show a significant change in DT% compared with 
STarm tracking. DT% = (DT/ST) x 100. Note that all error bars for the younger 
group go upwards, while downwards for the older group. This is somewhat hard to 
discern in Fig. 4a for the DTnb2 condition.  
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 Figure 4a shows M1 excitability across conditions. ANOVA showed no 
significant effect of task on MEP amplitude: F(4,112) = 0.61; p = 0.66, nor an 
effect for age group: F(1,28) = 0.02; p = 0.90. Likewise, there was no 
interaction between task*age group: F(4,112) = 0.20; p = 0.94. 
 
In comparison to STarm tracking, one-sample t-tests demonstrated a 
significant reduction in MEP amplitude for the younger group within the DTnb2 
condition: t(14) = -2.56; p = 0.02. All other changes between STarm tracking 
and DT conditions were p > 0.2 for both groups.   
 
Figure 4b shows M1 inhibition across conditions. There was no significant 
effect of task on M1 inhibition: F(4,112) = 1.61; p = 0.18, however ANOVA 
showed a significantly lower M1 inhibition for the older, compared to the 
younger, group across tasks: F(1,28) = 5.40; p = 0.03. This finding is similar to 
that of Fujiyama et al. (2012) for reduced M1 inhibition for older adults. There 
was no interaction between task*age group on M1 inhibition: F(4,112) = 0.30; 
p = 0.88.  
 
For the younger group, an increase in M1 inhibition for DTnb2 task and the 
DTFtap task did not reach significance in comparison to STarm tracking: both 
p = 0.06. In contrast, the older group demonstrated a significant reduction in 
M1 inhibition for DTvfl task: t(14) = -2.57; p = 0.02. All other changes between 
ST and DT conditions were p > 0.2. 
 
3.3 Relationships between brain activity and dual-task performance 
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 Table 1 shows correlations between ST error/DT cost and pLPFC and M1 
activity for younger and older groups. Although no correlations reached 
significance, for the older group there was a good to excellent negative 
relationship in the DTnb3 condition between lower right pLPFC activity and 
increased DT cost (p = 0.07), and similarly, a moderate to good negative 
relationship in the DTFtap condition between lower left pLPFC activity and 
increased DT cost (p = 0.07). Conversely, in the DTnb1 condition for younger 
adults, correlation demonstrated a moderate to good positive relationship in 
the opposite direction for higher right pLPFC activity and higher DT cost (p = 
0.08). However, the reduced sample sizes from which these correlations were 
derived should be taken into account.  
 
The opposite direction of correlations for younger and older adults could also 
be observed between M1 activity and DT cost (Table 1). In older adults, there 
was a significant negative relationship indicating lower M1 inhibition and 
increased DTnb3 cost. A moderate to good negative relationship was also 
present in the DTFtap condition for older adults between these variables, yet 
this was non-significant. As with the aforementioned result of reduced M1 
inhibition across DTs, the finding of a relationship between lower M1 inhibition 
and increased DT cost in the older group is also similar to that of Fujiyama et 
al. (2012), who showed significantly lower M1 inhibition for poorer performing 
older adults on the most difficult DT condition. Notably, the relationship 
between reduced M1 inhibition and increased DT cost in the present study 
was also only demonstrated (significantly) in the most difficult condition of 
DTnb3 (as rated subjectively; see Figure 1, Corp et al., under review). 
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Table 1. Correlations between ST error/DT cost and pLPFC and M1 activity. HbDiff, 
MEP, and SP were correlated with the corresponding ST/DT condition in the left column. 
Asterisks indicate significance (p < 0.05). Higher DT cost = worse DT performance. 
HbDiff (left) = left hemisphere. ST = ST arm tracking. 
 HbDiff (left) HbDiff (right) MEP SP 
Younger Older Younger Older Younger Older Younger Older 
ST 
rs -0.02 0.13 0.05 -0.18 n/a n/a n/a n/a 
p 0.95 0.76 0.89 0.63 
n 10 8 11 10 
DT cost nb1 
rs 0.22 0.07 0.58 0.26 -0.28 -0.04 0.21 0.01 
p 0.57 0.88 0.08 0.50 0.31 0.88 0.45 0.98 
n 9 7 10 9 15 15 15 15 
DT cost nb2 
rs 0.35 -0.24 -0.08 -0.26 -0.14 0.34 0.16 0.09 
p 0.33 0.50 0.83 0.47 0.62 0.21 0.56 0.74 
n 10 10 9 10 15 15 15 15 
DT cost nb3 
rs 0.22 0.35 -0.01 -0.77 -0.16 -0.44 0.14 -0.60* 
p 0.51 0.35 0.99 0.07 0.57 0.10 0.61 0.02 
n 11 9 11 6 15 15 15 15 
DT cost Ftap 
rs -0.07 -0.57 -0.07 -0.22 -0.28 -0.34 0.30 -0.51 
p 0.86 0.07 0.87 0.52 0.31 0.22 0.28 0.05 
n 10 11 9 11 15 15 15 15 
DT cost vfl 
rs -0.15 -0.43 -0.33 -0.30 0.12 -0.12 0.23 0.01 
p 0.66 0.34 0.35 0.62 0.66 0.68 0.41 0.98 
n 11 7 10 5 15 15 15 15 
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Table 2. Correlations between pLPFC activity and M1 activity. MEP and SP are correlated 
with the corresponding DT condition in left column.  Asterisks indicate significance (p < 0.05). 
HbDiff (left) = left hemisphere.  
HbDiff MEP SP HbDiff MEP  SP (left) (right) 
Younger Older Younger Older Younger Older Younger Older 
rs 0.23 -0.11 -0.11 0.02 rs -0.64* 0.24 0.19 0.45 
DTnb1 p 0.55 0.80 0.78 0.96 DTnb1 p 0.05 0.53 0.60 0.22 
n 9 8 9 8 n 10 9 10 9 
rs -0.57 0.41 0.54 0.10 rs -0.47 0.25 0.08 0.50 
DTnb2 p 0.08 0.24 0.11 0.78 DTnb2 p 0.21 0.49 0.83 0.14 
n 10 10 10 10 n 9 10 9 10 
rs -0.30 -0.06 -0.70* -0.31 rs 0.11 0.83* -0.35 0.66 
DTnb3 p 0.37 0.88 0.02 0.42 DTnb3 p 0.75 0.04 0.30 0.16 
n 11 9 11 9 n 11 6 11 6 
rs 0.36 -0.06 -0.26 0.45 rs -0.15 0.19 0.07 0.21 
DTFtap p 0.31 0.87 0.47 0.17 DTFtap p 0.70 0.57 0.87 0.53 
n 10 11 10 11 n 9 11 9 11 
rs -0.46 -0.05 -0.08 0.75 rs -0.41 0.60 -0.26 0.70 
DTvfl p 0.16 0.91 0.81 0.05 DTvfl p 0.24 0.29 0.48 0.19 
n 11 7 11 7 n 10 5 10 5 
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 Although no effects between M1 activity and DT cost neared significance in 
the younger group, it is worth noting that all correlations between M1 inhibition 
and DT cost were positive; the opposite direction of those found in the older 
group.  
 
Further to the above correlations between these cortical regions and DT cost, 
Table 2 shows the relationships between pLPFC activity and M1 activity 
during dual-tasking. In the older group, right hemisphere pLPFC activity 
demonstrated a positive correlation with both M1 excitability and M1 inhibition 
in each of the five DT conditions, with this effect reaching significance in the 
DTnb3 task between right pLPFC activity and M1 excitability. There was also 
a trend for this relationship between left pLPFC activity and M1 inhibition in 
the DTvfl task. These positive relationships were not seen in the younger 
group – in fact, there were two significant negative correlations observed 
between pLPFC activity and M1 activity (see Table 2). 
 
4. Discussion 
The present study was designed to test this hypothesis that PFC and M1 
activity could predict DT performance. Unfortunately, missing fNIRS data did 
not allow regression to investigate such predictive relationships. However, 
correlation demonstrated relationships between brain activity and DT 
performance indicating that dual-tasking in older adults may depend on the 
activation of PFC to M1 pathways.  
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 In demonstrating evidence for relationships between brain activity and DT 
performance for older participants, correlational analysis firstly demonstrated 
negative trends between pLPFC activity and DT cost in the DTnb3 and 
DTFtap conditions. Next, higher M1 inhibition was correlated with lower DT 
cost, also in DTnb3 and DTFtap conditions (although non-significantly in 
DTFtap). Finally, all ten correlations between right hemisphere pLPFC activity 
and M1 activity (both M1 excitability and inhibition) for the older group 
demonstrated a positive relationship (with one significant correlation in the 
DTnb3 task). Although missing fNIRS data reduced the level of confidence we 
could have in these relationships, trends are in line with the hypothesis of 
Corp et al. (2013), whereby older adults may upregulate the activity of the 
PFC in order to maintain activation of neural pathways leading to the M1. 
These results are similar to those of Fujiyama et al. (2012) who also 
demonstrated that older adults demonstrated reduced M1 inhibition during 
dual-tasking (compared to younger adults), which was associated with poorer 
DT performance in the most difficult DT condition.  
 
This hypothesised relationship between brain activity and DT performance is 
also strengthened by other DT studies suggesting compensatory activity of 
the PFC that may be due to the structural decline of the brain that occurs with 
ageing (Raz, 2000). These studies demonstrated higher PFC activity in DT 
conditions for older adults that was advantageous to performance (Goble et 
al., 2010; Heuninckx, Wenderoth, & Swinnen, 2008). The present study also 
demonstrated positive correlations between pLPFC and M1 activity for older 
participants. Although we could not show whether these correlations were 
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 predictive of better DT performance, Andrews-Hanna et al. (2007) previously 
demonstrated that older adults who had lower correlations in functional 
connectivity between anterior and posterior brain regions displayed poorer 
cognitive task performance. Andrews-Hanna et al. (2007) suggested that 
increased PFC activation might be a compensatory mechanism to overcome 
this decline in anterior to posterior connectivity in the ageing brain. These 
results are in line with the hypothesis of Corp et al. (2013) that pathways from 
the PFC to the M1 mediate DT performance in older adults, and that higher 
PFC activity during a DT is advantageous to overcome a loss of structural 
connectivity with age (Goble et al., 2010; Heuninckx et al., 2008).  
 
Contrary to our hypothesis, younger adults did not show the same relationship 
between brain activity and DT cost. Indeed, significant negative correlations 
were found between pLPFC and M1 activity (Table 2). We consider it unlikely 
that younger and older adults use entirely different pathways to mediate dual-
tasking, but rather the ageing brain employs mechanisms that adapt and 
compensate for decline (Heuninckx et al., 2008; Van Impe et al., 2011). Thus, 
we speculate that these differences could reflect a greater deactivation 
(defined as a decrease in activity during an active task compared to a passive 
baseline; Lustig et al., 2003) of brain regions for the younger group during 
task performance. Lustig et al. (2003) showed task related deactivation of 
specific brain regions that was not present in older adults. Andrews-Hanna et 
al. (2007) also demonstrated greater deactivation for younger, compared to 
older adults, and showed that participants who exhibited the strongest task-
induced deactivations also exhibited the strongest correlations in functional 
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 connectivity between anterior and posterior brain regions (which was 
correlated better cognitive task performance). Based on this evidence, it is 
tempting to suggest that older adults demonstrated a reduced ability to 
deactivate brain regions, and this could explain the poorer DT performance in 
comparison to younger adults. However, higher pLPFC activity was correlated 
with better DT performance for the older group. Therefore, perhaps older 
adults maintained activation (i.e. did not deactivate) of the pLPFC in line with 
the compensation theory as discussed in the previous paragraph (Goble et 
al., 2010; Heuninckx et al., 2008), rather than an inability to deactivate brain 
regions that was detrimental to performance. It is difficult to speculate further 
given that only two brain regions were measured in the present study. 
 
Interestingly, differences in pLPFC activity demonstrated a significant effect of 
task in both left and right hemispheres. Differences between tasks were not 
expected given that we targeted the IFJ based on the hypothesis that this 
region is involved in the selection of competing responses during DT 
performance, across DT situations. Previous authors have suggested that DT 
cost could be a result of a bottleneck in neural processing due to both tasks 
requiring access to a single mechanism required for response selection (Dux 
et al., 2009; Pashler, 1994). Dux et al. (2009) recently demonstrated that the 
IFJ was the likely candidate for such a mechanism. However, Dux et al. 
(2009) also noted that they only tested one type of DT, and other PFC regions 
could mediate response selection for different DT situations. This suggestion 
more closely aligns with the ‘multiprocessor’ theory of attention (Allport, 
Antonis, & Reynolds, 1972; Mcleod, 1977), where the locus of DT processing 
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 differs dependent on the tasks being performed. The present results are 
perhaps indicative of this type of processing, given such disparate levels of 
pLPFC activity between DTs. However, our results cannot provide further 
evidence of such a theory because only one region within the PFC was 
measured.   
 
In addition to an effect of task, there was an interaction between age group 
and task for the right hemisphere. This demonstrates that the difference in 
pLPFC activity between tasks was dependent on age group. An example of 
this effect can be demonstrated by the age group differences in pLPFC 
activity between the DTnb3 and DTFtap conditions (right hemisphere, Figure 
3). The younger group showed a slight negative HbDiff (non-significant) for 
the DTnb3 condition, yet a marked increase in HbDiff in comparison for the 
DTFtap condition. In contrast, the older group demonstrated more consistent 
HbDiff between these conditions, as they did across the other DT conditions.  
As speculated above, this may be indicative of differences in deactivation 
patterns of the brain between age groups (Andrews-Hanna et al., 2007; Lustig 
et al., 2003). A negative/inverse fNIRS signal, or its analogue of reduced 
BOLD signal using fMRI, has been suggested to reflect the inhibition of this 
cortical region via the subcortex (Obrig & Villringer, 2003; Raichle, 1998). 
Such deactivation could explain the absence of pLPFC activity in the DTnb3 
condition for the younger group, which participants rated as the most difficult 
condition (Figure 1, Corp et al., under review). Interestingly, McKiernan et al. 
(2003) showed that the magnitude of deactivation increases with task 
difficulty. Owen et al. (2005) demonstrated that performance of the n-back 
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 task results in activation within the dorsolateral, and ventrolateral PFC – a 
region more superior and/or anterior to the IFJ (Nee et al., 2013). Thus, 
younger adults may have deactivated the regions surrounding the IFJ during 
the DTnb3 task to efficiently activate separate cortical networks. In contrast, 
the older group showed more consistent activation of the pLPFC across tasks 
perhaps due to the recruitment of additional PFC regions in line with the 
compensation theory discussed above (Goble et al., 2010; Heuninckx et al., 
2008). Again however, this suggestion cannot be validated by the present 
results, given that we measured the activity of only one region within the PFC.  
 
It seems obvious that additional brain regions other than the pLPFC and M1 
are involved in dual-tasking given that other DT studies have shown activation 
of other cortical (Alavash, Thiel, & Gießing, 2016), and subcortical processes 
(Goble et al., 2010). One such region is the dorsal premotor cortex, which 
Corp et al. (2013) suggested could act as an intermediary between the PFC 
and M1 during attentionally demanding motor tasks. This hypothesis is based 
on the observation that while there are no direct neural connections between 
prefrontal areas and the M1, prefrontal regions form dense connections to 
both ventral (Dum & Strick, 2005) and dorsal premotor regions in primates 
(Takahara et al., 2012). DT studies (in humans) have frequently observed 
increased activation of the dorsal premotor cortex (for DT vs. ST conditions) 
(Debaere et al., 2001; Marois et al., 2006; Meister et al., 2009), with Marois et 
al. (2006) suggesting that the flow of information during dual-tasking might hit 
a bottleneck within the dorsal premotor cortex. Thus, this region may be 
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 anatomically suited to receive motor input from the PFC during DT 
performance.  
 
4.1 Limitations  
The main limitation of this study was the need to discard a significant portion 
of fNIRS data due to movement artifact. As a result, the main question of the 
study could not be addressed using regression analysis. While a number of 
relationships were detected using correlation, the reduced sample size should 
be noted. The reader should also take into account that a more restrictive p-
value was not employed on these comparisons, perhaps increasing the 
chance of a type one error. Missing fNIRS data also meant that the pLPFC 
activity for DT conditions could not be normalised to the STarm tracking 
condition, as in the TMS data. This problem was attenuated however, given 
that fNIRS data are normalised to rest. Another limitation was that we did not 
employ ‘short-separation’ channel between fNIRS optodes to measure the 
contribution of blood flow to the scalp to our fNIRS signal (Takahashi et al., 
2011). This limits our ability to conclude that all changes in HbDiff were due to 
brain activation. However, Takahashi et al. (2011) showed that the 
haemoglobin response to short and long separation channels was highly 
correlated. Therefore, it would seem that while there may be some blood flow 
to the scalp that contributed to HbDiff during the tasks included in the present 
study, this would also be accompanied by blood flow to the brain. Although we 
demonstrated differences in pLPFC activity between tasks, and a task*age 
group interaction, our measurement of only one PFC region limited our ability 
to explain whether this was due to task processing occurring within in other 
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 PFC regions. A final limitation was the collection of only five TMS pulses. We 
initially planned to collect 10 TMS pulses, however during pilot testing we 
discovered that trials would need to last for approximately two minutes for this 
to occur, given the 0.08Hz rate of the arm tracking task. While reliability was 
likely to be reduced with fewer TMS pulses, we accepted this compromise 
because a longer trial would increase the probability of mental and physical 
fatigue, especially in older adults. 
 
4.2 Conclusions 
Correlations between higher brain activity and reduced DT cost in the older 
group strengthened the hypothesis of Corp et al. (2013) that DT performance 
in older adults may be mediated by the activation of PFC to M1 pathways. 
These brain regions are likely part of a wider cortical and subcortical network 
involved in dual-tasking. Future investigations measuring a greater number of 
regions could further demonstrate how the brain processes the performance 
of a DT. 
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Were the following participant factors Reported? Controlled?
Age of subjects 
Gender of subjects 
Handedness of subjects 
Subjects prescribed medication 
Use of CNS active drugs (e.g. anti-convulsants) 
Presence of neurological/ psychiatric disorders when studying healthy subjects 
Any medical conditions 
History of specific repetitive motor activity 
Were the following methodological factors
Position and contact of EMG electrodes 
Amount of relaxation/contraction of target muscles 
Prior motor activity of the muscle to be tested 
Level of relaxation of muscles other than those being tested 
Coil type (size and geometry) 
Coil orientation 
Direction of induced current in the brain 
Coil location and stability (with or without a neuronavigation system) 
Type of stimulator used (e.g. brand) 
Stimulation intensity 
Pulse shape (monophasic or biphasic) 
Determination of optimal hotspot 
The time between MEP trials 
Time between days of testing N/A
Subject attention (level of arousal) during testing 
Method for determining threshold (active/resting) 
Number of MEP measures made 
Paired pulse only: Intensity of test pulse N/A
Paired pulse only: Intensity of conditioning pulse N/A
Paired pulse only: Inter-stimulus interval N/A
Were the following analytical factors
Method for determining MEP size during analysis 
Size of unconditioned MEP N/A
Checklist designed by Chipchase et al., (2012)
$SSHQGL[$
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All motion correction methods were executed within Homer2 fNIRS 
processing package (v2.0) using inbuilt settings:  
1) Spline interpolation (individually adjusted) – motion artifacts were 
detected using channel-by-channel approach, proposed by (Scholkmann et al. 
2010). Using the hmrMotionArtifactByChannel function within Homer2, artifact 
detection methods (tMotion, tMask, STDEVthresh, and AMPthresh) were 
individually adjusted for each trial to best pick up motion artifacts. One 
experimenter (DC) adjusted these four parameters with the aim to detect as 
much motion artifact from each trial as possible. This method follows other 
studies tailoring motion identification parameters to suit the participant/data 
(Scholkmann et al. 2010; Vinette et al. 2015). It should be noted that bias due 
to subjective judgment was attenuated by deidentification of data (see Figure 
2). The p parameter was set to 0.99 as in Scholkmann et al. (2010). 2) Spline 
interpolation (standard settings) – spline interpolation method used as 
above with the exception that that the following settings for motion 
identification were standard across all trials/participants: tMotion = 1.5 s; 
tMask = 1.5 s; STDEVthresh = 20; AMPthresh = 0.08. 3) Wavelet filtering – 
channel-by-channel approach as proposed by Molavi and Dumont (2012). 
The Wavelet_Motion_Correction interquartile range parameter used was 0.1 
(Molavi & Dumont 2012). 4) Targeted principle component analysis (Yücel 
et al. 2014) – Using the hmrMotionArtifact function, the following settings were 
used to identify motion: tMotion = 1.5 s; tMask = 1.5 s; STDEVthresh = 20; 
AMPthresh = 0.08. As in Yücel et al. (2014) the number of singular values 
parameter was set to 0.97, and the maximum number of iterations parameter 
Appendix B 
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was set to 3. 5) Correlation based signal improvement (Cui et al. 2010) – 
This approach is executed within Homer2 on the without the need to input 
processing parameters.  
Pearson's R between five movement artifact methods: 
1) Spline interpolation (individually adjusted) = Spline indv 
2) Spline interpolation (standard settings) = Spline grp 
3) Wavelet filtering = Wavelet 
4) Targeted principle component analysis = tPCA 
5) Correlation based signal improvement = CBSI 
 
Group results (n=30) 
STarm tracking left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.8488 0.8586 0.6683 0.7036 
Spline grp 1 0.7736 0.8255 0.7591 
Wavelet 1 0.5776 0.431 
tPCA 1 
CBSI 1 
STarm tracking right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.8749 0.8453 0.6808 0.7134 
Spline grp 1 0.8304 0.713 0.723 
Wavelet 1 0.7319 0.8876 
tPCA 1 0.6516 
CBSI 1 
DTnb1 left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.1921 0.8294 0.6983 0.8552 
Spline grp 1 0.37 0.2384 0.4107 
Wavelet 1 0.698 0.8904 
tPCA 1 0.6103 
CBSI 1 
DTnb1 right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.2093 0.5783 0.5899 0.3544 
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Spline grp 1 0.3726 0.5018 0.4081 
Wavelet 1 0.8492 0.8756 
tPCA 1 0.8408 
CBSI 1 
DTnb2 left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.7832 0.6271 0.6587 0.781 
Spline grp 1 0.846 0.3578 0.9223 
Wavelet 1 0.1889 0.9073 
tPCA 1 0.3626 
CBSI 1 
DTnb2 right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.61 0.7514 0.4773 0.5792 
Spline grp 1 0.6637 0.6042 0.7261 
Wavelet 1 0.5583 0.8929 
tPCA 1 0.6969 
CBSI 1 
DTnb3 left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.7325 0.6467 0.4238 0.6444 
Spline grp 1 0.5316 0.7473 0.8243 
Wavelet 1 0.5537 0.6876 
tPCA 1 0.7068 
CBSI 1 
DTnb3 right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.9569 0.8991 0.6916 0.7321 
Spline grp 1 0.929 0.7855 0.6972 
Wavelet 1 0.6642 0.8082 
tPCA 1 0.4612 
CBSI 1 
DTFtap left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.3926 0.3527 0.1075 0.1205 
Spline grp 1 0.1581 0.4695 0.1133 
Wavelet 1 0.5589 0.6368 
tPCA 1 0.5915 
CBSI 1 
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DTFtap right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.7675 0.4506 0.3752 0.4401 
Spline grp 1 0.3172 0.2709 0.3308 
Wavelet 1 0.6027 0.8715 
tPCA 1 0.7151 
CBSI 1 
DTvfl left hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.4803 0.7889 0.7102 0.6284 
Spline grp 1 0.369 0.5774 0.2936 
Wavelet 1 0.7199 0.7417 
tPCA 1 0.696 
CBSI 1 
DTvfl right hemisphere HbDiff 
Spline indv Spline grp Wavelet tPCA CBSI 
Spline indv 1 0.5613 0.8212 0.1006 0.7997 
Spline grp 1 0.5425 0.4346 0.7425 
Wavelet 1 -0.0198 0.7444 
tPCA 1 0.2527 
CBSI 1 
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 CHAPTER TEN: Discussion 
Summary of Key Findings 
The primary aim of this thesis was to characterise M1 activity during dual-
tasking to provide context to the body of DT literature that has documented changes 
in performance and PFC activity. The secondary aim of this thesis was to investigate 
whether changes in M1 activity and PFC activity could predict DT performance, 
within both younger and older adults. The initial step towards realising these aims was 
to review the literature that had investigated cortical activity within motor regions 
during dual-tasking. These reviews were conducted in chapters two through to four. 
Chapter two used the findings of recent TMS studies to form the hypothesis that DT 
performance in older adults is mediated by the activation of M1 networks by the PFC, 
via intermediate pathways located within the premotor cortex. Chapter three 
examined, in greater detail, DT studies that had used single-pulse TMS/EMG to 
measure responses of the M1. Chapter four used meta-analysis to demonstrate a 
significant reduction in M1 inhibition during dual-tasking, found across experiments 
that mostly involved younger adults.  
In contrast to the results of this meta-analysis, the experiment of chapter six 
demonstrated a significant increase in M1 inhibition for younger adults. Upon re-
examination of the methods of the studies in the meta-analysis, we noticed a divergent 
pattern in M1 inhibition between studies; the four studies that had measured M1 
inhibition at the initiation of the secondary task showed reduced M1 inhibition for 
younger adults, possibly due to distraction, and the four studies that had measured M1 
inhibition throughout continuous performance of both tasks showed increased M1 
inhibition for younger adults. This pattern of results affirmed the decision to use 
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 ‘continuous’ DTs within the experiments of this thesis (as discussed in chapter five), 
given that thesis aims were not concerned with the effects of task initiation.  
Chapter eight demonstrated that the ‘within-modality’ DT (motor/motor task) 
had significantly a higher DT cost than other conditions not involving a secondary 
motor task. Notably, this experiment was the first time, to the authors’ knowledge, 
that this had been demonstrated during continuous DTs. This result is in agreement 
with the multiprocessor theory (Allport, Antonis, & Reynolds, 1972), which suggests 
that attention is comprised of a series of independent processors, which interfere with 
each other depending on whether two tasks require the concurrent use of processors. 
This study also demonstrated that DT cost was correlated within different n-back 
levels, but not across different types of DTs. We suggested that this result was also 
not consistent with the hypothesis that response selection during dual-tasking is 
mediated by a single neural processor (Pashler, 1994). 
Chapter nine demonstrated correlations suggesting that dual-tasking in older 
adults may depend on the activation of prefrontal cortex to motor cortex pathways. 
Although these correlations were not present in the younger group, these results were 
in line with the hypothesis presented in chapter two, that DT performance in older 
adults may be mediated by the activation of PFC to M1 pathways. This experiment 
also demonstrated higher M1 inhibition for younger adults for each of the five DT 
conditions (compared to the ST condition). This result agrees with increased M1 
inhibition found in chapter six, and also the hypothesis of that chapter that previously 
observed reductions in M1 inhibition could have been due to the initiation of the 
secondary task. In contrast, there was a significant reduction in M1 inhibition for 
older adults in comparison to the ST condition, and in comparison to younger adults. 
General Discussion 
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 M1 activity during dual-tasking. In regards to the primary aim of this thesis, 
a meta-analysis and two empirical studies within this thesis have allowed greater 
clarity into the typical excitatory and inhibitory responses of the M1 during dual-
tasking. MEP amplitude (M1 excitability) appears to be relatively unchanged during 
the performance of DTs involving continuous responses as in the present thesis (in 
comparison to ST conditions). In contrast, the SP duration (M1 inhibition) appears to 
be modulated during continuous DTs. Two empirical studies (chapter six and chapter 
nine) demonstrated increases in M1 inhibition for younger adults during dual-tasking. 
Conversely, older adults demonstrated a reduction in M1 inhibition in comparison to 
younger adults in chapter nine. In addition, there was a significant reduction in M1 
inhibition for the older group for the DTvfl task, in comparison to STarm tracking. 
These results are in agreement with Fujiyama et al. (2012) who demonstrated a 
reduction in M1 inhibition in comparison to the ST, and with younger adults. 
Therefore to simplify, this thesis found that M1 inhibition was increased in younger 
adults during a DT, yet decreased in older adults. Results in regards to the first aim of 
the thesis are discussed in greater detail in the subsequent paragraphs. Emphasis is 
placed on a discussion of MEP amplitude, given that this outcome was relatively 
unchanged in the studies of this thesis and was therefore not discussed in detail.  
M1 excitability during dual-tasking. A number of previous DT studies have 
demonstrated findings contrary to those of chapter six and nine, and shown changes in 
MEP amplitude during DT compared to ST conditions. Some of these discrepancies 
are likely due to differences in the nature of the tasks performed (i.e. between discrete 
and continuous DTs). Hiraga et al. (2009) demonstrated increased MEP amplitude 
during a rapid foot flexion task during concurrent bimanual coordination, while two 
studies demonstrated increased MEP amplitude measured from a hand muscle (while 
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 contracted isometrically) during the onset of rapid teeth clenching (Sugawara et al., 
2005; Takahashi et al., 2006). Likewise, Tazoe et al. (2007b) demonstrated increased 
MEP amplitude in a range of upper limb muscles during brief dorsiflexion of the 
ankle, which increased with the force of dorsiflexion. Interestingly, in this study, SP 
duration was similarly reduced in a force dependent manner. These authors also found 
reduced SP in another study using similar a method of isometric hand contraction and 
lower limb dorsiflexion (Tazoe et al., 2007a). These findings of reduced SP duration 
are in agreement with the observation discussed in chapter six, whereby SP duration 
was decreased during DTs that involved rapid, discrete responses of the secondary 
task, yet increased during continuous DTs. We suggested that this could be due to 
distraction from the primary task, and therefore a reduction in the activation M1 
inhibitory networks.  
However, if it were simply distraction it is reasonable to also expect a 
concomitant decrease in MEP amplitude, yet the opposite effect was observed in the 
aforementioned studies, with MEP amplitude increasing. It seems that this pattern of 
increased MEP amplitude and reduced SP duration could be a neural response specific 
to this type of DT, where a rapid secondary motor response is given. Hiraga et al. 
(2009) suggested that such an increase in MEP amplitude could be due to neural 
interactions between two simultaneously active M1 representations. It was also 
proposed that the concomitant reduction in M1 inhibition could be advantageous in 
maintaining force to the active muscle (i.e. ‘disinhibition’) (Sohn, Kang, & Hallett, 
2005; Tazoe et al., 2007a). As per the original suggestion within chapter six, it could 
also be suggested that reduced M1 inhibition (i.e. SP duration) was the result of 
distraction from the primary task. Inhibitory networks within the M1 are suggested to 
be responsible for modulation and stabilisation of motor action (Hess et al., 1999; 
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 Ridding, Rothwell, & Inzelberg, 1995). Thus, the rapid reallocation of attention to a 
secondary task may reduce the activation of these GABAergic M1 neurons mediating 
primary task control. In such a case, MEP amplitude may not show the same 
reduction because of the requirement for force output to be maintained, as suggested 
above (Sohn et al., 2005; Tazoe et al., 2007a). Ultimately, the studies of the present 
thesis employed continuous DTs to avoid the effects of task initiation and (possible) 
distraction, as outlined in chapter five. Rather, the thesis was concerned with M1 
activity in response to tasks processed concurrently, thus the justification for the use 
of continuous DTs. 
For most of the tasks employed the two empirical studies of this thesis, MEP 
amplitude was relatively unchanged. These findings are similar to those of previous 
studies involving continuous DTs, in both younger and older groups (Fujiyama et al., 
2009; Fujiyama et al., 2012). However, Holste et al. (2015) recently demonstrated 
increased MEP amplitude during a continuous DT, where participants held a hand 
force and concurrently performed a spelling task. Authors suggested that this could be 
a compensatory mechanism to allow for the maintenance of force to the motor task. It 
is unclear why such an increase was not observed in the studies of Fujiyama et al., 
(2009, 2012), or those of chapter six and nine. However, given that the primary and 
secondary tasks in Holste et al. (2015) were different to those used in the 
aforementioned studies, it seems that MEP amplitude may be altered depending on 
the type of tasks performed.  
 Contrary to the aforementioned studies, Master and Tremblay (2009) showed 
reduced MEP amplitude of a finger muscle representation (controlling a finger 
movement task) during a continuous DT. However in this study, the secondary task of 
backward counting was prioritised. The purpose of this task was to direct attention 
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 away from the finger movement, therefore it was suggested that the reduction in MEP 
amplitude was likely a result of this diversion in attention. Two further studies have 
shown that directing attention away from the primary task, by asking participants to 
focus on a secondary task, decreases the activity of the M1 (as measured by fMRI) 
(Johansen-Berg & Matthews, 2002; Milnik, Nowak, & Müller, 2013). Thus, it appears 
that a reduction in attention to a continuous task reduces neural projection to M1 
networks, resulting in reduced MEP amplitude.  
Conversely, it has previously been demonstrated that increasing attention to a 
hand muscle (by looking at the hand during contraction) during contraction increases 
MEP amplitude (Conte et al., 2007) (ST only; no DT condition). The influence of 
attention on M1 activity was perhaps best demonstrated by Rodriguez et al. (2004). 
These authors used fMRI to show higher M1 activity during phasic, than tonic hand 
movement. Next, it was shown that imagery of the phasic movement induces strong 
M1 activation, just below the magnitude of that observed for the actual phasic 
movement. Lastly, Rodriguez et al. (2004) demonstrated a marked decrease in M1 
activity during a concurrent backward counting task (designed to divert attention 
away from the primary movement task), agreeing with the results of the 
aforementioned studies (Johansen-Berg & Matthews, 2002; Milnik et al., 2013). In 
addition, Williams et al. (2011) showed higher MEP amplitudes for motor imagery, 
with imagery ability also positively correlated to MEP amplitude. These studies 
highlight the role of attention in the regulation of M1 excitability.   
Given that it is widely accepted that DTs produce increases in attention, 
evidenced by increases in PFC activity during DT conditions (Erickson et al., 2005; 
Goble et al., 2010), then as per the above argument it may be expected that MEP 
amplitude would also be increased during the performance of continuous DTs 
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 (involving a motor task). Yet the studies of this thesis demonstrated that MEP 
amplitude was relatively unchanged during a DT. It could be speculated that this is 
due to attention being divided between two concurrent tasks. Thus, while there is an 
overall increase in attention during a DT, the projection of attentional resources may 
be shared between the two concurrent tasks. For DTs involving motor tasks, as in the 
present thesis, this would mean that the overall upregulation in attention is necessary 
to maintain the activation of M1 excitatory networks mediating DT performance.  
M1 inhibition during dual-tasking. Changes in SP duration were 
demonstrated in the studies of chapter six and chapter nine. As a result, M1 inhibition 
was more thoroughly examined in these chapters than MEP amplitude. Thus, to avoid 
repetition, only a brief discussion is provided here. Although the reasons for the 
modulation of SP duration during discrete DTs have been discussed earlier within this 
chapter, it has yet to be clarified why MEP amplitude was typically unchanged, yet 
there was an associated modulation in SP duration during continuous DTs (with an 
increase for younger adults and a decrease for older adults, in general). The reasons 
for these differences may be similar to those proposed for discrete DTs. Given that 
dual-tasking usually results in worse (or less stable) motor performance (Fujiyama et 
al., 2012; Holste et al., 2015), it may be that increased M1 inhibition is required to 
attempt to minimise movement error (as also suggested in the Discussion of chapter 
six). This suggestion makes sense in light of the reduction in both M1 inhibition and 
DT performance within older adults (chapters nine). The function of modulation and 
stabilisation of motor action by M1 networks (Hess et al., 1999; Ridding et al., 1995) 
may contrast with that of excitatory networks within the M1, which could be involved 
in the maintenance of output to the target muscle (as discussed above). Therefore, M1 
excitability may be relatively unchanged during a (continuous or discrete) DT because 
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 the force requirements of the task remain the same. Conversely, M1 inhibition may be 
higher in younger adults because the requirements for force control are increased. 
Older adults may not be able to upregulate these M1 networks during attentionally 
demanding motor tasks, resulting in reduced M1 inhibition.  
Cortical pathways mediating dual-task performance. In regards to the 
secondary aim of this thesis, this thesis could not statistically demonstrate that M1 and 
PFC activity could predict DT performance. However, chapter nine was able to 
provide evidence of relationships between the activity of these brain regions and DT 
performance in older adults. These findings provided evidence of PFC to M1 
pathways mediating DT performance. The subsequent paragraphs discuss the possible 
mechanisms of DT performance within the brain regions investigated in the current 
thesis (i.e. the PFC and M1), and closes with a hypothesis of a DT processing 
pathway between the PFC and M1. The section following this discussion (Future 
Research) elaborates upon this hypothesis by suggesting additional brain regions 
possibly involved in DT performance, including how these could be identified in the 
future.  
Regarding processing of DT performance within the PFC, chapter eight 
provided evidence that a DT is dependent on a multiprocessor theory of attention 
(Allport et al., 1972; Mcleod, 1977). In addition, the data of chapter nine also aligned 
more closely to this type of attentional processing by demonstrating significant 
differences in pLPFC activity between task types. Although this result cannot directly 
strengthen the multiprocessor theory of attention, it was suggested that such disparate 
levels of pLPFC activity would not be observed if response selection for all DTs 
required the use of a single cortical mechanism, as suggested previously (Pashler, 
1994). Therefore, the results of this thesis provide indirect evidence for a 
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 multiprocessor theory of attention, whereby the locus of processing in the PFC is 
dependent on task type, and concurrent tasks produce deficits in performance if tasks 
require simultaneous use of processors.  
A significant interaction between age group*task for pLPFC activity in the 
right hemisphere in chapter nine could indicate that this pattern of attentional 
processing in the PFC (as per the multiprocessor theory) is compromised by the 
ageing process. Given this interaction, it was speculated that younger adults 
deactivated/inhibited specific regions of the PFC to efficiently activate other regions 
required for task performance. The limitations of this hypothesis are obvious given 
that only one region of the PFC was measured. However, in support of this suggestion, 
there was an absence of pLPFC activity in the younger group for the most difficult 
condition of DTnb3 (as rated subjectively; Figure 1, chapter eight), but significantly 
higher task activations in DTFtap and DTvfl conditions. In contrast, older adults 
demonstrated a more consistent pattern of pLPFC activity. While it could be 
suggested that this was indicative of a reduced ability to deactivate/inhibit this region 
of the PFC, greater pLPFC activity was correlated with better DT performance in 
older adults. Therefore it was suggested in chapter nine that consistent pLPFC 
activations across tasks could represent the maintenance of pLPFC activity to 
compensate for structural decline in the ageing brain, as previously proposed (Goble 
et al., 2010; Heuninckx, Wenderoth, & Swinnen, 2008). Thus, while younger adults 
may selectively activate and deactivate specific PFC regions required for DT 
performance (as per the multiprocessor theory of attention), older adults may need to 
maintain the activation of multiple processing networks within the PFC to compensate 
for a loss in grey and white matter structures of the brain (Head et al., 2002). 
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 Further to DT processing within the PFC, chapter nine investigated whether 
the concurrent activation of the pLPFC and M1 could provide evidence for cortical 
pathways between these two regions (possibly via intermediate networks) that 
mediate DT performance. This hypothesis was originally proposed in chapter two of 
this thesis. Within the older group of chapter nine, all ten correlations between pLPFC 
activity and M1 activity (M1 excitability and M1 inhibition) in the right hemisphere 
demonstrated a positive trend. Therefore, as per the secondary aim of this thesis, it is 
suggested that these relationships provide evidence of the existence of cortical 
pathways from the pLPFC to the M1 that are activated during DT performance. 
Similarly, although involving different brain regions, Andrews-Hanna et al. (2007) 
showed that the functional connectivity between anterior to posterior brain regions 
was correlated with better cognitive task performance in older participants. Therefore, 
this may also have been the case with the study of chapter nine; DT performance of 
older adults might have been improved by greater (anterior to posterior) functional 
connectivity between the pLPFC and M1.  
This proposed pathway was hypothesised to converge upon M1 (excitatory 
and inhibitory) networks mediating DT execution (chapters two and nine). This 
suggestion in chapter two was largely based on the study of Fujiyama et al. (2012) 
demonstrating a relationship between the activation of M1 inhibitory networks and 
DT performance in older adults. Chapter nine provided further evidence of this by 
also demonstrating such a relationship in older adults. While this relationship was not 
observed in younger adults in chapter nine, or Fujiyama et al. (2012), it was 
speculated that this was not due to different mechanisms of brain activity, but to 
deactivation of specific brain regions during DT performance (see above this chapter 
for discussion on deactivation).  
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 In light of the aforementioned results of this thesis, a hypothesis of the brain 
mechanisms (within regions investigated in the present thesis) involved in dual-
tasking can be summarised. Firstly, it is suggested that dual-tasking can be regulated 
by multiple networks within the PFC (as per the multiprocessor theory of attention), 
whereby the locus of processing in the PFC is dependent on task type, and concurrent 
tasks produce deficits in performance if both tasks require simultaneous use of 
processors. Next, it is hypothesised that there are pathways between these (multiple) 
PFC networks and the M1, and that these pathways converge upon the M1 networks 
responsible for DT execution (possibly via intermediate networks). Deficits in DT 
performance within older adults could be the result of a reduced capacity to activate 
this cortical pathway, and therefore M1 networks, due to the loss of grey and white 
matter structures within the brain.  
Limitations. There were a number of limitations that should be considered 
when interpreting the findings of the present thesis. Firstly, the use of single-pulse 
TMS/EMG, without the addition of paired-pulse TMS, represented a limitation in the 
ability to infer M1 excitability during dual-tasking. Next, the reliability of the smaller 
number (five) of TMS pulses delivered to the BB muscle in chapter nine was not 
validated by the reliability study of chapter seven (where the use of sets of 10 and 20 
TMS pulses was validated). For a detailed discussion of the limitations present within 
the study of chapter nine, readers are directed to the Limitations section of that 
chapter. Briefly, the measurement of only one PFC region meant that evidence for 
multiple attentional networks within the PFC is restricted. In addition, missing fNIRS 
data meant that sample sizes for the analysis of pLPFC activity were reduced.  
Future directions. There is little doubt that there are additional cortical and 
subcortical brain regions (to the PFC and M1) that are involved in DT performance 
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 (e.g. Alavash et al., 2015). There is very likely involvement of the dorsal premotor 
cortex, given the number of studies that have observed increased activation of this 
region for DT (compared to ST) conditions (Debaere et al., 2001; Marois et al., 2006; 
Meister et al., 2009). As hypothesised in chapter two, and by Marois et al. (2006), the 
dorsal premotor cortex could act as an intermediary between PFC and M1 networks in 
processing DT information. A similar DT study to that conducted in chapter nine 
could investigate the existence of this pathway. fNIRS channels placed over the PFC, 
dorsal premotor cortex, and M1, within younger and older adults could find whether 
the coactivation of these regions predicts DT performance. Another cortical region 
that has consistently shown DT related activity is the anterior cingulate cortex (ACC) 
(Adcock et al., 2000; Erickson et al., 2005; Hazeltine, Grafton, & Ivry, 1997). Dreher 
and Grafman (2003) showed greater ACC activation than in the lateral PFC for tasks 
that were performed simultaneously (a DT), yet greater lateral PFC activation than 
ACC activation when these two tasks were performed successively. These authors 
suggested that the ACC could serve to resolve conflicts between stimulus-response 
associations when performing two tasks simultaneously, while the lateral prefrontal 
cortex might select the neural pathways needed to perform a given task. An additional 
region likely to be important for dual-tasking is the dorsal posterior parietal cortex. 
Corbetta and Shulman (2002) suggest that this region is important for the top-down 
allocation of spatial attention. This proposal is strengthened by Erickson et al. (2005) 
showing activation of this region during dual-tasking. These authors reasoned that DT 
conditions likely require increased engagement of regions responsible for attending to 
behaviourally relevant stimuli.  
In addition to these cortical regions, subcortical regions such as the basal 
ganglia may be critical to DT performance. Patients with Parkinson’s disease and 
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 Huntington’s disease, who have structural and functional deficits of the basal ganglia, 
are known to have significant deficits when performing two tasks simultaneously 
(Brown & Marsden, 1991; O'Shea, Morris, & Iansek, 2002). The basal ganglia plays a 
major role in the control of learned, repetitive movement sequences through their 
outputs to the supplementary motor area and brain-stem locomotor regions (Iansek et 
al., 1995). O'Shea et al. (2002) suggested that dual-tasking requires greater 
engagement of attentional resources for patients with the Parkinson’s disease, who 
have a reduced ability to produce automatic movement sequences. In cases where 
DTs become too attentionally demanding, motor deficits may result because some 
control of movement is left to the defective basal ganglia circuitry (O'Shea et al., 
2002).  
Future studies could make specific hypotheses about regions of interest to 
attempt to delineate loops or pathways within the brain involved in dual-tasking. Such 
experiments may require sophisticated methods, such as time-resolved fMRI to 
demonstrate the temporal interplay between different brain regions. Other tools such 
as magneto-encephalography have also been used to investigate the temporal 
dynamics of a DT (Marti, King, & Dehaene, 2015). It is suggested that these studies 
use continuous DT so that investigators are truly investigating the concurrent, rather 
than successive processing of information. In addition, it would also be helpful to 
assess brain activity and performance over a number of different types of DTs, and 
with gradients of difficulty. As in chapters eight and nine, an analysis of task can 
demonstrate whether effects are unique to particular type of DT, while an analysis of 
difficulty can show possible dose-response relationships in DT difficulty and brain 
activity.  
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 Conclusions and implications. This thesis has demonstrated that M1 
excitability was relatively unchanged during dual tasking, in both younger and older 
adults. In contrast, M1 inhibition was modulated, increasing within younger adults, 
and decreasing within older adults during DTs involving continuous responses. This 
finding differs to previous studies demonstrating an increase in M1 inhibition for DTs 
involving a rapid secondary response. This difference is possibly due to distraction 
due to initiation of a secondary task. These findings of typical responses of the M1 
during dual-tasking may complement existing literature that has investigated the 
activity of the PFC, and DT performance, and also allow for specific hypotheses 
regarding these outcomes to be made in the future. In addition, the observation of a 
divergence in M1 inhibition depending on whether studies used continuous or discrete 
(involving a rapid secondary response) may help to explain previous findings.  
Chapters eight and nine of this thesis found evidence in favour of the 
multiprocessor theory of attention, whereby the locus of information processing in the 
PFC is dependent on the type of task performed. In addition, chapter nine showed that 
DT performance (involving motor responses) in older adults may be mediated by 
pathways leading from the PFC and converging upon excitatory and inhibitory 
networks within the M1. These findings provide evidence of the brain mechanisms of 
DT performance, and may therefore help to explain why humans are limited in their 
ability to perform concurrent mental tasks. The identification of these mechanisms is 
especially valuable within older populations given the high number of physical 
accidents during attentionally demanding motor tasks, such as falling while walking. 
Thus, the possible identification of brain mechanisms of dual-tasking, presented in 
chapters eight and nine, may help to reduce the number of such physical accidents 
occurring in the future.   
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CHAPTER ELEVEN: Supplementary Material; Neuropsychological Testing 
This chapter presents supplementary material collected from the same participants as 
in the studies of chapter eight and nine. These data demonstrate the relationships 
between DT performance and behavioural outcomes of neuropsychological tests. We 
believe that these analyses lacked statistical power, given the small sample size in 
comparison to similar investigations (Gomes et al., 2015; Lima et al., 2015).  
Methods 
Neuropsychological tests 
 Test of Premorbid Functioning (IQ). A revised version of the Weschler Test 
of Adult Reading (Wechsler, 2008). A list of 70 words was presented to participants, 
who are asked to pronounce each word to the best of their ability. An experimenter 
recorded answers for off-line analysis. This test provides an estimated intelligence 
quotient (Wechsler, 2008) and is thus abbreviated as IQ. This estimated IQ was used 
as the DV for statistical analysis.  
 Digit Span Forward (Digit Span F). An auditory digit span test 
(Drewnowski & Murdock, 1980) was operated via computer program (Inquisit, v4, 
Millisecond Software, USA). Participants were read numbers through headphones and 
then asked to type these numbers in forward sequence in a box displayed on the 
laptop screen. The number of letters successfully recalled in forward sequence was 
used as the DV for statistical analysis.  
Digit Span Backward (Digit Span B). This test was identical as the Digit 
Span F test, except that participants were asked to type the letters in reverse order. 
The number of letters successfully recalled in backward sequence was used as the DV 
for statistical analysis. 
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Stop-Signal Response Task (SSRT). This task tests participants’ ability to 
stop a prepotent motor response, as described by Logan (1994). The task was operated 
via a computer program (Inquisit, v4, Millisecond Software, USA), using the software 
provided by Verbruggen, Logan, and Stevens (2008). The SSRT estimates the time 
required for the stop signal to be processed so a response can be withheld. This time 
in milliseconds was used as the DV for statistical analysis.  
Trail Making Test A and B. Participants were administered the both the Trail 
Making Test A, and B, as described by Reitan (1958). The test provides information 
on visual search, scanning, speed of processing, mental flexibility, and executive 
functions (Tombaugh, Kozak, & Rees, 1999). Participants used a pen and paper to 
complete trails in the shortest time possible, as measured by a stopwatch by an 
investigator. The DV used was the time (in seconds) taken for Trail Making test B 
minus the time taken for the Trail Making Test A (B-A). Using this method, the motor 
component of the test (Trail Making Test A) is controlled (Dubois et al., 2007).  
Data and Statistical Analysis 
 Each DV from the aforementioned neuropsychological tests was first 
correlated, and then regressed with the normalised DT cost (DT performance; as 
described in chapter eight) of each of the five DT conditions. Bivariate regression was 
initially performed including all participants. Multiple regression was then used to 
analyse these outcomes across all participants, and then within the younger and older 
group separately. In order to explore possible relationships, multiple comparisons 
were not corrected with a more restrictive p-value. Rather, all relationships analysed 
statistically are reported (Rothman, 1990; Saville, 1990).  
Results and Discussion 
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 The results of bivariate correlation and multiple regression are reported within 
Table 1 and 2 respectively. Correlation showed a significant relationship between DT 
cost of the nb1 condition, and SSRT. Multiple regression demonstrated that this 
relationship was only significant for the younger group. We suggest that a positive 
relationship between these variables may have been apparent due to the similar nature 
of response, where both tasks required a button press. Response inhibition of a 
prepotent button press may have also been important in the nb1 task, as in the SSRT, 
to ensure that non-matches (a match in the nb1 task was where the same letter was 
read as the one previous) were not responded to.  
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